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ABSTRACT
The butterfly proboscis is a fascinating fiber designed to probe and transport fluids.
The built-in sensors and actuators make this fiber multifunctional. The proboscis consists
of 2 hollow C-shaped tubes that are united when the butterfly comes out of the pupa. A
single galea consists of a solid cuticular wall, muscles, nerves, and tracheae. The proboscis
cuticular wall is mainly composed of polymers and small amounts of metals and nonmetals. The proboscis is a porous material, and its water content is high, up to 50%. When
the butterfly is not hungry, its proboscis is tightly coiled; when the butterfly is about to
drink, it uncoils the proboscis. The proboscis still coils on its own after detachment from
the butterfly. Unlike any polymeric material demonstrating irreversible deformation prior
to breakup, the proboscis remains elastic up to the breaking point. Surprisingly, the
proboscis can be stretched only a few percent before breaking. Thus, its behavior resembles
the behavior of a brittle ceramic or rigid plastic. Structural organization and shape of the
proboscis walls contribute to the mechanical reaction of the proboscis. Pressure inside the
proboscis significantly contributes to its flexibility. Understanding the micro- and nanoarchitecture of this flexible multifunctional composite fiber is important for a wide range
of applications, including complex monitoring systems in biomedical applications and
direct contact-based drug delivery.
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CHAPTER ONE
INTRODUCTION. LEPIDOPTERAN PROBOSCIS AS A SUPER FIBER
About 99% of butterflies and moths [1] have a very flexible long trunk, proboscis,
to probe and uptake the liquid either by dipping the proboscis into flower corollas to pick
up nectar or piercing thin tissues of plants and animals to reach the food [2] (Figure 1).
A)

B)

C)

Figure 1. A) Ithomia lichyi feeding on a dead caterpillar. Photo courtesy of A. Stoiser B) Scanning electron
micrographs of a coiled proboscis of a Danaus plexippus. Photo Courtsey of C. Beard C) Proboscis of a
Manduca sexta coiled on a pin.

The length of the proboscis varies from 3.26 mm (Ce. oreas) to 70 mm (Manduca
sexta) or even longer in Darwin’s moth [3, 4]. Lepidopteran proboscis is a complex fiber
consisting of two hollow C-shaped tubes called galeae. A single galea consists of muscles,
nerves, and trachea embraced by a solid cuticular wall (Figure 2a).
The galeae are assembled after the adult butterfly or moth comes out from the pupa.
The C-faced galeae are joined dorsally and ventrally by cuticular projections, termed
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“legulae”. When united, these C-faced galeae form a cylindrical food canal enabling the
proboscis to transport liquid (Figure 2) [1, 5, 6] . The spacing between the dorsal legulae
is so small (Figure 2b) that upon touching them, the liquid forms menisci which pull the
rest of the liquid into the food canal by capillary action [7].

B

A)
Dorsal
legulae
C)

Ventral
legulae
Figure 2. A) Proboscis cross-section of Manduca sexta with indicated features. Image
courtesy of C. Beard. Scanning electron micrographs of a Manduca sexta proboscis B)
Dorsal legula. C) Ventral legula.
The goal of this study is to understand the principles of materials design of the
proboscis as a flexible multifunctional fiber. Neither cuticular organization nor mechanical
and thermophysical properties of the Lepidoptera proboscises have been discussed in the
literature [8, 9]. The knowledge and understanding of the micro and nano architecture of
proboscis materials in this flexible multifunctional composite fiber are important for a wide
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range of applications, including complex monitoring systems in biomedical applications
and direct contact-based drug delivery[10].
Arthropods cuticle
Butterflies and moths are arthropods. In arthropods, the cuticle is a multifunctional
integument layer that retains its shape [11], protects the animal against dehydration [12]
and forms a physical barrier separating the internal organs from the environment[13]. The
composition and function of the cuticle changes depending on the stage of organismal
development and the body part [14].
The insect cuticle consists of epicuticle, exocuticle, endocuticle, and pore canal
tubes as shown in Figure 3 [15]. The pore canals are formed by epithelial cells during
growth of the cuticle. The pore canal system, Figure 3a, is found in all skeletal elements
and it serves to transport lipids and waxes from the glands to the external surface of the

a)

b)

Figure 3. A) The schematic drawing of insect cuticle: epicuticle, exocuticle, endocuticle, and
pore canal tubes. The chitin fibrils are shown arranged in helical structure. B) SEM micrograph
showing endocuticle layers with the pore canal tubulus of Danaus plexippus proboscis (Cortesy
of Dr. C.Zhang).
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cuticle. In different layers of the same cuticle, the canals vary in number, dimensions and
shape[16, 17].
The basic components of the cuticle are chitin, proteins, water, minerals, and lipids
[15, 18]. Exocuticle and endocuticle layers have a hierarchical structure made of bundles
of chitin fibrillary elements which can be described by simple crystallographic texture as
seen in Figure 3a and Figure 4 [17, 19, 20].
Structural properties of arthropod cuticle
In arthropods, a complex structural architecture of cuticle controls a wide range of
properties contributing to thermoregulation, water repellency, flexibility, adhesion, and
sensory detection [11].
The starting building element of a complex cuticle architecture is the chitin chain,
Figure 4a. Chitin is a biopolymer with polysaccharide structure where N-acetyl-Dglucosoamine units are linked by β-(1, 4) linkage similar to cellulose.

The chitin chains are arranged anti-parallel (the α-form) and are combined into a
highly crystalline fibrillar bundles, Figure 4a. Chitin in different forms and arrangements
is believed to be the primary constituent of the arthropod cuticle [15, 18, 19, 21-23].
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According to Neville [11], there are around 17 chitin chains bundled to form microfibrils
with a diameter of around 3 nm. As demonstrated later by Raabe’s group by the synchrotron
measurements, the α-chitin extracted from lobster cuticle can be described by a [0,2,0]
crystal axis normal to the surface. It indicates that the softest chitin direction instead of the
hardest one is parallel to the surface normal [24].

Figure 4. Microstructure of lobster cuticle. A) Schematic representation of the helicoidal
structure B) Scanning electron micrograph of a cross-section showing twisted plywood
layers (tp) in the exo- and endocuticle layers. C) Scanning electron micrograph of an
oblique section displaying twisted plywood layers (tp) with honeycomb-like structure.
Adopted from [19].
The chitin fibrils align to form two-dimensional horizontal sheets (laminae) that are
stacked into a plywood or Bouligand structure, Figure 4b. [25]. In this model, the laminae
of chitin are arranged parallel to each other and stacked helicoidally about their normal
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axis. The arrangement is stabilized by interactions within a fiber and between fibers [23].
The degree of hexagonal packing seems to vary between different species, and even
between different organs [21]. To adopt the plywood construction, the chitin bundles
interact with the chitin binding proteins to form a higher order structure [22, 23]. The
protein matrix interacts with chitin nano-fibrils and their interaction determines the
mechanical properties of the cuticle on the microstructure level [15, 18-21]. The exact role
of chitin binding protein in the cuticle organization is unclear [21, 26].
The arthropod cuticle can be described in general as a fiber reinforced composite
material based on chitin.
Materials properties of arthropod cuticle
The material properties of the cuticle depend on its chemical composition. The
insect cuticle shows an extraordinarily broad range of physical and mechanical properties.
Elastic modulus shows variability in the range of 6-7 orders of magnitude: from 1kPa for
the intersegmental membrane to 20 GPa for the elytron with a small range in density
variation (1-1.3 kg m-3) (Figure 5)[18].
The elastic modulus of chitin fibrils was estimated to be 150 GPa [18]. After a series
of simulations, it was discovered that the elastic modulus of α chitin is E 92.26 GPa. And
the modulus decreases to 36.39 GPa after addition of proteins and water [27].
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Figure 5. Ashby’s plot (Young’s modulus against density) for natural materials. The
red oval denotes different types of cuticle with the same density but different
Young’s modulus. Adopted from [8].
How samples were stored
All Manduca sexta (Tobacco hawk moths) used in different experiments in
different chapters were reared in the Department of Plant and Environmental Sciences at
Clemson University by Drs P. Adler and C. Beard. Moths were placed in containers with
the holes and wet paper towel for air ventilation and keeping moths hydrated in the
laboratory refrigerator set at 5°C.
Structural properties of proboscis
We studied structural properties of the Manduca sexta proboscis, using different
methods such as scanning electron microscopy, qualitative energy dispersive X-ray
spectroscopy, and X-ray microscopy.
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Scanning electron microscopy
Scanning electron micrographs shown in Figure 2b,c; Figure 3b; Figure 6, and
Figure 7 of untreated dried Manduca sexta proboscis were obtained using HITACHI TM3000 and SU6600 scanning electron microscope. Manduca sexta proboscises, which were
less two-week-old counting from the moment of emergence from the pupa, was detached
from the head of the alive moth using single edge razor blade (Stanley). Proboscises were
air dried for 72 hours.

inter-ring
thin cuticle

inter-ring
thin cuticle
A)

Figure 6. Scanning electron micrographs of A) a single Manduca sexta galea B) and
C) Galeal cuticular walls made of rings of structured fibers, connected by thin cuticle.
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Scanning electron micrographs in Figure 6 show that cuticular wall of each galea
of Manduca sexta is made of rings of structured fibers. Rings are connected by a thin
cuticle, Figure 6b. This structural feature will affect the mechanical properties of the
proboscis. It will be covered in the Chapter 4.
Scanning electron micrographs of Buckeye and Monarch cuticles in Figure 7 show
that proboscis cuticle is penetrated by pore canals, similar to those shown schematically in
Figure 3. We studied the pore sizes and permeability of Manduca sexta proboscis in the
Chapter 3.

Figure 7. Scanning electron micrographs of A) a Buckeye cuticle and B) a Monarch cuticle
with visible pores. Courtesy of C. Beard.

Qualitative energy dispersive X-ray spectroscopy
Qualitative energy dispersive X-ray (EDX) spectra, Figure 8, were recorded using
TM 3000 scanning electron microscope with mounted EDX. Manduca sexta proboscis,
five days old counting from the moment of emergence from the pupa, was detached from
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the head of alive moth using single edge razor blade (Stanley). Proboscis was immersed
in chloroform: methanol (2:1 v/v) solution for 45 min at room temperature to remove
lipids [12]. Then it was frozen overnight at -80°C and dried in freeze-drier for 48 hours.
We analyzed 14 different regions from one proboscis.

Figure 8. Qualitative energy dispersive X-ray (EDX) analysis of a proboscis of a
Manduca sexta after chloroform - methanol treatments.
The EDX spectra of the proboscis shows strong signals for carbon, hydrogen and
oxygen and contains small amounts of metals and other inorganics as seen in Figure 8. The
more rigid lobster cuticle shows strong signals of calcium, magnesium and phosphorous as
seen in Figure 9. However, the molted spider fang cuticle demonstrates the appearance of
sodium, phosphorus, sulfur and calcium.
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Figure 9. Qualitative energy dispersive X-ray (EDX) analysis of deproteinated lobster
cuticle. Adopted from [19].

Figure 10. Qualitative energy dispersive X-ray (EDX) analysis of the molted spider fang
cuticle. Adopted from [67].
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X-ray microscopy
Only moths which were less one-week old counting from the moment of emergence
from the pupa, have been tested. Proboscises were divided into galeae after detaching them
from the head of the alive moth. Galeae were impregnated with a contrast agent

Figure 11. The galea in Kapton tube placed on the stage for loading samples to nano
3DX.
(Omnipaque) and placed into Kapton tubes. Then after 2 weeks, the X-ray images of the
Manduca sexta galeae were obtained using nano 3DX Rigaku, Figure 11.
The scans (Figure 12) were performed by Dr. Aya Takase from Rigaku with Cu
and Mo targets, Lx0100 lens and sCMOS detector, and total scanning time was 9.5 hours.
Figure 12a is a 3D scan of Manduca sexta proboscis with two indicated projections
highlighted in ight green and pink. The light green section, Figure 12b, is made
perpendicular to the proboscis. The pink section, Figure 12c, is made along the proboscis
axis as shown in Figure 12a .
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a)

b)

c)

d)

Figure 12. X-ray images of a proboscis of a Manduca sexta A) 3D scan of proboscis with
indicated projections B) and C) Sections of proboscis displaying lamellae with the
different directions of ordering. D) Zoom in of the lamellae region. Courtesy of Dr. Aya
Takase (Rigaku).
The X-ray tomography allows us to obtain the structure at the scale of ten microns.
We obtained a three-dimensional structure of the galea by slicing it into thin sections.
X-ray images demonstrate that each ring of cuticle is made of lamellae with different
directions of ordering as seen in Figure 12.
Summary of structural properties
The butterfly proboscis is a fascinating fiber equipped with sensors and actuators.
Butterflies use it to transport liquids. When the butterfly is not hungry, the proboscis is
tightly coiled. The proboscis gets uncoiled when the butterfly is about to drink. The
proboscis is a highly flexible natural fiber. The proboscis consists of 2 hollow C-shaped
tubes – galeae with a wide range of sizes. A single galea consists of solid cuticular wall,
muscles, nerves and trachea. The cuticular wall is made up of a system of rings with the
thickness varying from tens to hundreds of micrometers. A thin cuticle connects the rings
together. Rings are made of lamellae, aligned in different directions, from a few to tens of
microns in thickness.
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The basic components of cuticle are chitin, proteins, water, minerals and lipids. The
proboscis is mainly composed of C, H, O and small amount of metals and other inorganics.
We hypothesize that proboscis cuticle can be described in general as a fiber reinforced
composite with helicoidally placed chitin-based fibrils. The proboscis is porous with the
pores seen from SEM micrographs varying in diameter from tens to hundred nanometers.
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CHAPTER TWO
THERMODYNAMIC PROPERTIES OF BUTTERFLY PROBOSCIS
Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed to determine various
components of the proboscis, taking advantage of the known decomposition temperature
of some biopolymers. The TGA detects the change in the weight of a specimen as a
function of time and temperature. These measurements provide information about the
thermal stability and decomposition of a material.
Butterflies belong to arthropods which include insects and marine crustaceans such
as lobsters. The lobster cuticle is well studied [19, 28-32]. While the lobster’s cuticle is
heavily mineralized, its chitinous microstructure is believed to be similar to that of insects
having the same basic components: chitin, various proteins, water, minerals and lipids as
discussed in the introduction.
Chitin is a biopolymer with polysaccharide structure. The α-form of chitin common
for arthropods is stable in the range of 25°C-250°C and its decomposition in the nitrogen
atmosphere occurs in a single step [33]. Georgieva et al. [34] reported that the thermal
decomposition of chitin in oxidative atmosphere (20% pure oxygen & 80% pure nitrogen)
occurs in two steps.
The diagram of TGA shows that the untreated lobster cuticle as seen in Figure 13,
has 3 steps of decomposition in inert atmosphere. Romano et all [19] demonstrated that the
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first step on the TGA diagram between 50°C and 270°C is removal of 13% moisture
content with some proteins. The next step is associated with the degradation of chitin and
other proteins occurring within the 270°C - 500°C range. At 370°C, most of the chitin is
decomposed. Within this temperature range, about 24% mass loss was attributed to chitin
and some proteins. Decarboxylation is reported at temperatures above 500°C. These results
are in good agreement with Garcia-Alonso et al. [35] who demonstrated that the water
evaporation takes place below 100 °C, chitin degradation occurs from 280°C to 520°C, and
carbonate decomposition in inert atmosphere occurs above 520°C. The water and chitin
content correspond to 11% and 27% mass loss, respectively.

Figure 13. TGA diagram of untreated lobster's cuticle in inert atmosphere. Adopted from
[19].
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c)
b)
a)

Figure 14. TGA diagrams of lobster shells: A) fresh lobster shell in air B) stored lobster
shell in air C) stored lobster shell in N2. Adopted from [35].
Lobster has a very rigid and mineralized cuticle. As seen the EDX diagram in the
Introduction, the lepidopteran proboscis is mainly composed of polymers and contains only
minute small amount of metals and other inorganics. Biopolymers make the proboscis very
flexible and soft. However, we can compare thermal properties of the proboscis with
lobster cuticle, concentrating our attention on chitin. Manduca sexta proboscises were used
for these systematic TGA studies. The lobster cuticle is not connected to the tissue and
hence sufficiently simple structurally. But the galea cuticle is a sandwich of cuticles plus
the tissue and having the galeae with muscles, nerves, hemolymph, epidermal cells, etc.
makes the interpretation of the TGA data even more challenging.
Only moths which were less 2 weeks old counting from the moment of emergence
from the pupa, have been tested. Two types, fresh and dried proboscises, have been
investigated. The ‘fresh’ proboscises are untreated proboscises divided into galeae.
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Proboscises were detached from the alive moth head using single edge razor blade
(Stanley) and insect pins (Sphinx) to divide into galeae. Galeae were tested immediately
after detaching them from the head of the live moth.

A

water,
proteins,
lipids

B

oxide reaction
products

chitin and low Mw
chemicals
Temperature, °C

Figure 15. TGA diagrams of fresh and dried proboscises under air and nitrogen.
The ‘dried’ proboscises are freeze-dried proboscises divided into galeae. The
detached geleae were frozen overnight at −80°C, then dried in the freeze drier (Labconco)

for 48 hours. All samples were heated up to 800°C at the 5°C min-1 rate in nitrogen and air
atmospheres using TGA Q5000 instrument (TA Instrument). The nitrogen atmosphere was
chosen to distinguish the thermodynamic and kinetic pathways of high temperature
reactions from the proboscis burning in the oxygen rich atmosphere. The heat flow is
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calibrated following ASTM E967-18 and using indium as the reference material. The
weights of the samples were in the range of 2-7 mg.

A

B

Figure 16. TGA diagram of dried proboscis under nitrogen (red line) with derivative of
the mass loss with peaks at 322°C and 378°C (blue line).

A

B

Figure 17. TGA diagram of fresh proboscis under nitrogen (red line) with derivative of
the mass loss with peaks at 84°C and 369°C (blue line).
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Temperature, °C
Figure 18. Derivatives of the mass loss of fresh and dry proboscises under nitrogen.
Figure 15 with indicated regions A and B, where the temperature derivatives tend
to zero, demonstrates two striking features of these experiments. 1) The “fresh” proboscis
gives up more water than the “dried” one. 2) In the nitrogen atmosphere, the “fresh”
proboscis ended up losing more material compared to the “dried” one. The same behavior
is repeated under the same conditions with the other samples. To understand this interesting
behavior of proboscis cuticles, we studied not only the weight loss versus temperature but
also investigated the behavior of the weight loss derivatives indicative of the singular
behavior of the weight loss curves, Figure 16-Figure 18.
As seen in Figure 15, the first distinguishable step was recorded from 25°C to
200°C and attributed to evaporation of water and removal of some other volatile substances
from the “fresh” and “dried” proboscises. In Figure 16 and Figure 17, the data on the
“fresh” and “dried” proboscises are shown separately with the derivatives of weight loss
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(DTG). The water-content is higher in the “fresh” samples: 50 % (DTGmax at 84 °C) against
2% in the “dried” proboscis.
As known from the polymer science[22, 36-38], water can be chemically bound to
cuticular matrix and will not necessarily evaporate at 100°C. Only mobile water molecules
not involved in the chemical bonding with the cuticle constituents are able to evaporate at
the temperature range below 100°C. Therefore, we assumed that in the range 25°C - 100°C,
free water has evaporated from the “fresh” and “dried” proboscises.
Figure 18 collects a comparative set of data on the behavior of different samples in
the nitrogen atmosphere. It sheds some light on the nature of substances that the cuticle
gives up below 180°C. In the 120°C-180°C temperature range, the derivatives of the mass
loss are identical and close to zero suggesting that in this range of temperatures, both
specimens reach a new thermodynamic equilibrium with the surrounding nitrogen. The
behaviors of the “fresh” and “dried” samples are distinguishable in the 180°C - 550°C
temperature range as the derivative of the mass loss for the “dried” proboscis has an extra
peak. This new peak suggests that the “dried” proboscis should have some extra chemical
substance undergoing decomposition in this range of temperatures.
Since water takes up almost half of the mass of the “fresh” proboscis, it is natural
to assume that some lipids and low molecular weight substances could be dissolved in
water as the temperature increases. Therefore, in the 25°C - 180°C temperature range one
would expect those soluble chemicals to be able to evaporate together with water.
Therefore, the extra peaks observed for the “dried” specimens can be associated with the
low molecular weight chemicals such as lipids, hydrocarbons and some weakly bound
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proteins, which had not been dissolved in water because of its absence. The observed 3.5%
difference in mass loss between the “fresh” and “dried” proboscises can be associated with
this specific effect of stimulated evaporation of water-soluble chemicals.
The 180°C-550°C temperature range is special for the specimens. This is the second
distinguishable step in the mass loss. For example, for the specimens analyzed in the
nitrogen atmosphere, about 33.6% mass (DTGmax at 369°C) for the “fresh” and 30.1%
mass (DTGmax at 322°C and 378°C) for the “dried” proboscises were lost (Figure 18).
The mass loss is estimated under the assumption that the “fresh” and “dried” specimens
reached the same thermodynamic equilibrium at the starting point of experiment, Figure 6.
The temperature derivatives tend to zero at 180°C (region A) and 550°C (region B in Figure
15-Figure 18) for the samples tested in nitrogen atmosphere. This mass loss can be
associated with degradation of polysaccharide structure and some associated proteins. As
known from the literature [15, 18, 22, 36-38], the chitin matrix contains different proteins
and the chitin fibrils are built with the help of proteins as well. In our experiments, the
peaks at 369°C for the “fresh” and at 378°C for the “dried” samples can be associated with
the chitin degradation. These recorded temperatures are in accord with the data on the
crustacean shells reported before.
As discussed in Ref.[18], arthropod cuticle with 40-75% water content should be
regarded as having equal weight fractions of chitin and proteins. This implies that the
"fresh" proboscis may consist of 16.8% chitin and 16.8% proteins, which include proteins
in the matrix and proteins already attached to chitin fibrils.
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The first and second steps of the proboscis decomposition do not depend on the
environmental gas. After 450°C, some chemicals have been burned in the air, while they
remain in the proboscis after replacement of the air with nitrogen.

Figure 19. The dried and fresh proboscises under nitrogen after water is driven off. The
graph, represented by dry proboscis under nitrogen, was moved up to combine 2
sections at 204.4°C. The remaining weight of dry and fresh proboscises after water
evaporation is 50.21% and 96.77%, respectively. After heating up to 727.46°C the
remaining weight of dry proboscis is 15.31% and the remaining weight of fresh
proboscis is 25.81%.
Also, we can compare the remaining mass of the dried and fresh proboscises after
heating up to 800°C. We moved up the graph represented by the dried proboscis under
nitrogen to combine it with the graph of the fresh proboscis under nitrogen at 204.4°C, as
shown in Figure 19. We used TA Instrument V4.5A software for combining graphs.
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After the water evaporated, the samples lost different mass. The remaining weight
of dry and fresh proboscises is 50.21% and 96.77%, respectively, Figure 19. We can
recalculate the weight loss of samples at the end of the test relative to the weight after water
evaporation. Assuming that weight change of the dried sample is 100% at 204.4°C we can
calculate the weight x at 727.46 °C as follows
50.21% − 100%
15.31% − x%
=
x (15.31%
=
*100%) / 50.21% 30.5%

Similarly, we can estimate the weight of a fresh sample at 727.46 °C as follows
96.77% − 100%
25.81% − x%
*100%) / 96.77% 26.7%
x (25.81%
=
=

The remaining weight of the dried proboscis at the end of the test is wr=30.5%.,
when the remaining weight of the fresh proboscis is wr=26.7%. The difference is just 3.8%.
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As seen from Figure 20, the TGA curves of dried samples have shifted to the higher
temperatures only with the increase of the heating rates from 3°C min-1 to 6°C min-1 while
further increase of the heating rate does not affect the decomposition kinetics under inert
atmosphere.

Temperature, °C
Figure 20. TGA diagrams of dried proboscises under nitrogen with different ramp rates of
3, 6, 9, 12, 15°C min-1.
The water content in the fresh proboscis is higher than in the dry proboscis and in
the untreated lobster’s cuticle. However, chitin degradation occurs in the same range of
temperatures for both the proboscis and the crustacean shell. Chitin decomposition occurs
in a single step in nitrogen atmosphere and in two steps in air atmosphere for both types of
the tested samples. The same tendency appears during thermogravimetric analysis of 5
proboscises in different atmospheres as seen in Figure 21 and .Figure 22. These results are
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in good agreement with Jang et al. [33] and Georgieva et al. [34] who studied chitin
decomposition in inert and oxidative environments.

Temperature, °C

Temperature, °C

Figure 21. TGA diagrams of 5 dried proboscises under air with derivatives of the mass
loss with peaks at 345-355°C and 545-550°C with the same ramp rate of 5°C min-1.

Temperature, °C

Temperature, °C

Figure 22. TGA diagrams of 5 dried proboscises under nitrogen with derivatives of the
mass loss with peaks at 310-320°C and 340-350°C with the same ramp rate of 5°C min-1.

Differential Scanning Calorimetry
The next step in analyzing thermal properties of the butterfly proboscis is
differential scanning calorimetry or DSC. DSC has been carried out to determine
endothermic and exothermic transitions by measuring the differential heat flow and to
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show how the heat capacity depends on temperature. For the reference, we used empty
pans and ran experiments under the same conditions. This was implemented using TA
instruments Q100 equipment with universal analysis software (TA instruments). Properly
weighed samples using a microbalance (ME30, Mettler) were placed into aluminum DSC
pans.
We wanted to compare the DSC data of the butterfly proboscis with the available
data on lobster cuticle and chitin. Alonso et al. [35] reported differential thermal analysis
(DTA) diagram for lobster shell. DTA method is based on the temperature difference, while
DSC is based on the heat flow difference. Both methods have been widely employed for
determination of characteristic temperature of reactions. The sample mass for DTA was
50-100 mg, while mass of the proboscises was just 2-7 mg, which is enough for DSC.
However, we can compare DTA and DSC diagrams for obtaining temperatures of thermal
events. It is accepted by American Society for Testing Materials [39].
The thermal curves of lobster shell are presented in Figure 23. Heating rate was
5°Cmin-1 under the air atmosphere. The first peak at 100°C with the 11% weight loss for
fresh and stored shells is due to elimination of water. The next exothermic peaks are
probably related to degradation of proteins and chitin, while the 730°C peak is probably
due to the degradation of inorganic compounds [35].
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a)
b)

Figure 23. DTA diagrams of lobster shells: A) fresh shell in air B) stored shell in air.
Adopted from [35].
Kittur et al. [40] tested the shrimp chitin and prepared chitosan samples to test them
from 50°C to 550°C under nitrogen atmosphere at 20°C min-1 heating rate. The first
transition detected for chitin is a wide endothermic peak with Tpeak=139°C with onset at
96°C. After heating up to 220°C immediately after the first scan, the peak area was reduced.
This is because the polysaccharide structure has a strong affinity to water and, in the solid
state, the macromolecules are easily hydrated. The reported enthalpy for decomposition of
chitin was 158.3mJ mg-1[40]. After 125°C there appears a significant change in the slope
of the curve. This transition was interpreted as caused by local relaxation in the backbone
chain of chitin. Then a wide exothermic peak was determined at Tpeak=397°C with onset at
350°C and enthalpy of -25.7mJ mg-1. This thermal event was explained by
depolymerization due to glycosidic bond cleavage.
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Figure 24. DSC diagrams of A) chitin B) chitosan with deacetylation degree (DD) 25%
C) chitosan DD 48% D) chitosan DD79% E) chitosan DD 89% F) chitosan DD 89%.
Adopted from [40].
In the first series of experiments, we tested “fresh” untreated proboscises
immediately after detaching them from the head. The whole coiled proboscis was placed
in a cup immediately after killing the moth. The weight of the samples was in the range of
5-7 mg. The samples were heated from 25°C to 180°C with the 2°𝐶𝐶 min-1 rate. The DSC

instrument has the temperature limit of 200°C. The thermal event registered in all samples
is an endothermic peak associated with water evaporation as seen in Figure 25. The peak
temperature is within 76-83°C range with the 30-40°C onset. The total average peak area
or enthalpy of change is  H =1100±77Jg-1.
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Using the latent heat of vaporization of water,  H vap.H 2O = 2230 Jg −1 , we can
calculate that there is =
ϕ

H
×100%
= 49.9% water in proboscises. These results
 H vap. H 2O

correlate with the TGA data confirming that the “fresh” proboscis contains about 50%
water.

Temperature, °C
Figure 25. DSC diagrams of fresh proboscises.
We cannot heat the sample above 200°C, but we can determine the proboscis
thermal properties at negative temperatures. The measurements on a single proboscis were
carried out from -100°C to 150°C at a scanning rate of 2°Cmin-1. Then 3 samples were
tested in a shorter temperature range from -20°C to 20°C. The proboscis demonstrates a
sharp peak at 0.21-0.48 °C and a broad peak at 84.12 °C as seen in Figure 26 The averaged
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enthalpy of change is  H =107±4Jg-1 at 0.21-0.48 °C and  H =1124±20 Jg-1 at 84.12°C.
The thermal events can be associated with fusion of ice and evaporation of water.
Using the latent heat of fusion of ice  H fus = 333.6 Jg −1 we calculate that the
cuticle contains ϕ =

H
×100% = 33% water based on data taken from samples 15-18,
 H fus

Table 3. As compared to ϕ = 50% during water evaporation, this ϕ = 33% of water is
interpreted as free water, behaving as a chemically unbound water. The rest ϕ = 17% water
is probably chemically bound to polymer and gets released at high temperature. We have
not observed any peaks that may be associated with the phase change of polymer
components of the proboscis cuticle.

Temperature, °C
Figure 26. An illustrative DSC diagram of fresh proboscis.
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Then a 1.5µl drop of the DI water was placed in the pan and the pan was sealed;
the temperature was changed from -100°C to 150°C to compare the peaks with those of the
proboscis (Figure 27). The experiment was started in 15 minutes after the sample
preparation. During this time, some water already evaporated. The water demonstrates a
sharp peak at 0.96 °C and a broad peak at 20-40 °C, while we expected to see the peaks at
0°C and 100°C. It appears that water evaporates early from the pan. The total average peak
areas or enthalpy of change were 288 Jg-1 and 2112 Jg-1 for a sharp peak at 0.96°C and a
broad peak at 20-40 °C, respectively.
Thus, the proboscis holds water in the pores preventing immediate
evaporation/freezing.

Sample Δ H
Tp
water 288J/g 0.96°C
2112J/g 39.71°C
15 102.2 J/g 0.32°C

Temperature, °C
Figure 27. DSC diagram of fresh proboscis and water.
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Sample
18
17
16

ΔH
Tp
102.8 J/g 0.21°C
109 J/g 0.36°C
111.3 J/g 0.48°C

Temperature, °C

Figure 28. DSC diagrams of fresh proboscises at negative temperature.
Lipids
The next step was to eliminate the contribution of water and hemolymph to observe
the effect of lipids and other low molecular weight chemicals. Proboscises were freeze
dried over 48 hours. The dried proboscises were placed between folded weighing paper
(LabExact) and ground using mortar and pestle. Two samples were tested from -125°C to
180°C with heating rate of 2°C min-1,Figure 29. One sample, sample 19, demonstrated a
small endothermic peak at 43°C, and another sample, sample 20, had a peak at 54°C. The
peak areas were 163 Jg-1 and 162 Jg-1, respectively. The thermal events can be associated
with water evaporation. Then the sample 19, Figure 30,was heated and cooled multiple
times to avoid contribution of free water. The sealed sample in the aluminum pan was
placed in a desiccator and tested in 3 days after the first heating.
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First, sample 19 was heated up from -125°C to 180°C, isotherm for 0.10 min,
cooled down from 180°C to -125°C, isotherm for 0.10 min, and heated up from -125°C to
180°C with the rate 10°C min-1 to see the difference in thermal transitions during
immediate cooling after heating. We changed the rate of temperature change to save time.
One cycle of heating, cooling and heating with the rate 2°C min-1 will take 305 min
compared to 61 min with the 10°C min-1rate. Also, it affects the magnitude of the peaks.
In Figure 30, the pathways of this cycle are shown as the orange line with the marked
cycles of heating and cooling.

Sample
ΔH
19
163 J/g
20
162 J/g

Tp
43°C
54°C

Temperature, °C

Figure 29. DSC diagrams of dried and ground proboscises.
At the beginning of experiments there are significant baseline changes which occurs
based on differences in the heat capacity of the sample and reference as seen in Figure 30
and Figure 32. Since the heat capacity is directly related to the specimen mass, an
endothermic shift indicates that the reference pan is too light to offset the sample mass.
This effect becomes more pronounced as the heating rates increase. After heating or
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cooling, the sample is kept isothermally for 0.1 min, the heating rate varies from zero to
the preset rate. That is why we are seeing a significant change in the DSC curve after each
heating/cooling cycle.
We observed an endothermic peak at 66.42 °C. The peak area is 112.3 Jg-1. As
compared with Tp=43°C and  H =163 Jg-1, this Tp is shifted and  H decreased. In
addition, we observed a thermal transition that occurs during heating and cooling processes
at 27.44°C and 3.74°C, respectively (Figure 31). The averaged peak area is 1.5 Jg-1 at
27.44°C.
Then the same sample were heated up and cooled down for 2.5 cycles: heated up
from -125°C to 180°C, kept at the isotherm for 0.10 min, cooled down from 180°C to 125°C, kept at the isotherm for 0.10 min, heated up from -125°C to 180°C, kept at the
isotherm for 0.10 min, cooled down from 180°C to -125°C, kept at the isotherm for 0.10
min, and heated up from -125°C to 180°C with the rate 10°C min-1. It is the yellow line in
Figure 30. We did not open the sealed aluminum pan with the sample after this testing. The
sealed sample was placed in a desiccator and tested in 2 days after the previous experiment.
The endothermic peak was observed at 66.42°C. The peak area is 165.4 Jg-1. We assume
that the sample absorbed more water from the atmosphere after the second test than after
the first. Also, we observed the same thermal transition that occurs during heating and
cooling processes as seen in Figure 31.
Before each testing, the ground proboscis in the sealed pan was weighed. Also,
comparing with the initial weight, the weight of the sample decreased by 5.5 % after the
second test and by 2.7% after the third test.
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The observed thermal transition can be explained by some phase transitions in
lipids because we assume that water has already evaporated. The enthalpy of change is
small, and transition may not be visible after decreasing the rate of heating.

12
1
2

1

1
1 2
12

1
1
1

2
2

12
1

23

23

1

starting point

1

1

Temperature, °C
Figure 30. DSC diagrams of dried and ground proboscis with multiple labeled heating
and cooling cycles at the heating/cooling ramp of 10°C min-1.
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Figure 31. Zoom in into thermal transitions during heating and cooling cycles.
The freeze dried and ground proboscises were tested in a shorter temperature range from
-70°C to 150°C with rate 3°C min-1 (Figure 32).
Samples 21, 22, 23 and 24 were heated up from -70°C to 150°C, cooled down from
150°C to -70°C, and heated up from -70°C to 150°C with the rate 3°C min-1. We observed
endothermic peaks associated with water evaporation during the first heating time for each
sample. The peak temperatures were detected at 62.36°C -80.39 °C with the peak areas
192.6 Jg-1-390.1Jg-1.
Using the latent heat of vaporization of water,  H vap.H 2O = 2230 Jg −1 , and data taken
from samples 19-24, Table 3, we can calculate that there is =
ϕ

H
×100%
= 11%
 H vap.H 2O

chemically bound water in proboscises. All free water has been evaporated from the
samples during freeze-drying. These results correlate with the data obtained from the
calculations of the amount of bound water based on testing fresh samples.
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Also, similar phase transition occurs even after reducing the heating rate from 10°C
min-1 to 3°C min-1 (Figure 31 compared with Figure 33). Only the peak temperature is
shifted from 27.44°C to 19.79°C for heating up and from 3.74°C to -4.2°C for cooling
down due to decreasing of the heating rate as seen in Figure 33.

Temperature, °C
Figure 32. DSC diagrams of dried and ground proboscises with the same heating ramp 3°C.

Figure 33. Zoom in into thermal transitions during heating and cooling cycles of different
proboscises.
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To evaluate our hypothesis on phase transitions in lipids, we tried to remove lipids
from the cuticle surface and compare the results. For the lipid removal, we used a mix of
chloroform and methanol as recommended in Ref. [12].
Proboscises were immersed in chloroform:methanol (2:1 v/v) solution for 45 min
at room temperature. Then they were frozen overnight at -80°C, dried in freeze-drier for
48 hours and ground into small pieces. Then ground proboscises were immersed in
chloroform:methanol (2:1 v/v) for 45 min., frozen overnight at -80°C, then dried in freezedrier. Samples were tested at the same conditions as untreated ground proboscises. Sample
25, 26, 27 and 28 were heated from -70°C to 150°C, cooled down from 150°C to -70°C,
and heated from -70°C to 150°C with the rate 3°C min-1 (Figure 34). We observed typical
peaks associated with water evaporation at 56.4°C-77.76°C with the peak areas 117Jg-1166Jg-1. The samples did not demonstrate other phase transitions compared with untreated
proboscises as seen in Figure 35.

Temperature, °C
Figure 34. DSC diagrams of dried proboscises with twice removed lipids.
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Temperature, °C
Figure 35. DSC diagrams of ground untreated sample 22 and dried sample 25 with twice
removed lipids proboscises with the same heating rate 3 °C.
After chloroform-methanol treatment, we did not observe any transitions except
water evaporation during the first heating period. Probably, the recorded transition in
untreated proboscises can be associated with phase transitions of lipids.
Specific heat capacity
We estimated specific heat capacity cs of untreated and chloroform-methanol
treated proboscises. Specific heat capacity is the amount of energy (or heat) required to
raise the temperature of one-unit weight of a substance by 1 °C without change of phase.
Specific heat =
capacity, cs (T ) k (T )

1 1
(U s (T ) − U 0 (T )) , is calculated from the
ms β

difference in heat flow between an empty pan U 0 (T ) [W/g] and a sample U s (T ) [W/g],
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where β [°C/min] is heating rate, k(T) [°C/°C] is a calibration constant, and ms is the
sample mass.
The heat capacity measurements by DSC require the use of a well-characterized
reference material to obtain the reliable results. It is usually sapphire. We compared heat
capacity data with literature values [41] for sapphire as a function of temperature (Table
1). Sapphire heated up from 25°C to 110°C, cooled down from 110°C to 25°C, and heated
up from 25°C to 110°C with the rate 3°C min-1 (Figure 36).
In our experiments with proboscises we did not evaluate the calibration constant
because a specific calibration is required (according to ASTM E968-02). Setting k(T)=1,
one obtains 16 % difference between the measured and literatures values. We use this 16%
as our error evaluation for the heat capacity measurement of proboscises.

Temperature, °C
Figure 36. Specific heat capacity of reference material sapphire.
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Table 1. Measured and literature values of sapphire specific heat capacity.
Measured cp, J/g°C

Temperature, °C

Literature value cp, J/g°C

0.9799

46.85

0.8188

0.9915

56.85

0.8373

1.005

66.85

0.8548

1.014

76.85

0.8713

1.022

86.85

0.8871

1.025

96.85

0.9020

Specific heat capacity of untreated and chloroform-methanol treated proboscises
was estimated through the TA instrument software. This is an indirect measurement. Heat
capacity was estimated only on the cooling run from 150°𝐶𝐶 to −70°𝐶𝐶 because DSC

instrument cannot detect the weight change and hence, we want to eliminate this
uncertainty.

The weight mostly changes during the first heating cycle when water

undergoes evaporation. When the treated proboscises did not show any thermal events, the
untreated proboscises in Figure 36 demonstrate the peak at −4 ± 2°𝐶𝐶. The value of specific
heat capacity did not change on average after the treatment.
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Temperature, °C
Figure 37. Specific heat capacity of untreated proboscises.

Temperature, °C
Figure 38. Specific heat capacity of proboscises with twice removed lipids.
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Temperature, °C
Figure 39. Specific heat capacity of the untreated sample 23 and the sample 27 with twice
removed lipids proboscises with the same heating rate 3 °C.

Heat capacity of the untreated proboscis at room temperature can be compared with
the measured heat capacity of polymers and water as seen in Table 2. This table suggests
−1

−1

that the specific heat capacity of the proboscis is C p prob =1.26±0.2 Jg K , which is of the
same order of magnitude as those of polymers and proteins. The proboscis cuticle has about
fourfold smaller heat capacity than that of water.
Table 2. Specific heat capacity of different materials.
−1 −1
Material
Heat capacity, Jg K at 298K
Water

4.2

Polyethylene

1.35 [42]
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Polystyrene

1.05 [42]

Polyisoprene

1.38 [42]

Polyvinyl chloride

1.22 [42]

Proboscis

1.26 ± 0.2

Chitin

1.21[43]

Proteins

1.3 [44]

Then, we can estimate the mass fraction of chitin ϕchitin by assuming that chitin and
protein make the greatest contribution to the specific heat capacity of the proboscis C p prob :

C p prob × m prob = C pchitin × mchitin + C p proteins × m proteins , or
= C pchitin × ϕchitin + C p proteins × (1 − ϕchitin ).
C p prob

(2.1)

Substituting the measured heat capacity for proboscis C p prob = 1.26 Jg −1 K −1 , chitin

C pchitin = 1.21Jg −1 K −1 , and using the average heat capacity of proteins C p

proteins

= 1.3 Jg −1 K −1 ,

and solving equation (2.1) for ϕchitin , we obtain the mass fraction of chitin as ϕchitin = 0.3 or
30%. This result is close to the data from the TGA testing for “fresh” and “dried”
proboscises where we found the chitin fraction to be 33.6%.
Summary
The water content in the fresh proboscis, measured by the TGA instrument, is
higher than in the untreated lobster’s cuticle. However, chitin and protein degradation
occur in the same range of temperatures for both the proboscis and the crustacean shell.
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Chitin and protein decomposition occur in a single step in the nitrogen atmosphere and in
two steps in the air atmosphere for “fresh” and “dried” proboscises. The estimated chitin
fraction is 33.6%.
Also, the “fresh” and “dried” proboscises have been tested with the DSC instrument
(Table 3). The thermal event registered in all samples is an endothermic peak associated
with water evaporation. The “fresh” proboscises possess 50% water, where 33% of water
is interpreted as free water sitting in the proboscis pores and behaving as chemically
unbound water. Another 17% of water is probably chemically bound to polymer and gets
released only upon evaporation. The freeze-dried proboscises contained only 7% water.
The DSC estimated volume of evaporated water is in good agreement with the TGA data.
Another phase transition was observed for the freeze dried and ground proboscises
during multiply heating and cooling them. We assume this may be due to phase transitions
of lipids. Differential scanning calorimetry did not provide any information about structural
properties of the polymers in the cuticle. The reason is that chitin and other chemical
components are stable in the range 25-250°C and the instrument does not allow us to heat
the samples beyond the 200°C limit.
Specific heat capacity of untreated and chloroform-methanol treated proboscises
have been estimated through the TA instrument software. Based on the measured specific
−1

−1

heat capacity of the proboscis, C p prob =1.26±0.2 Jg K , the estimated mass fraction of
chitin is 30%. It is in good agreement with the TGA data.
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Table 3. DSC data of tested samples.
Sample

Method

Reference

11
12
13
14

fresh proboscis
fresh proboscis
fresh proboscis
fresh proboscis

15
16
17
18

fresh proboscis
fresh proboscis
fresh proboscis
fresh proboscis

Figure 25
Figure 25
Figure 25
Figure 25
Figure 26,
Figure 27
Figure 28
Figure 28
Figure 28
Figure 27

water

19
20
21

22
23

dried and ground
dried and ground
dried and ground
dried and ground
dried and ground

Figure 29,
Figure 30,
Figure 31
Figure 29
Figure 32,
Figure 33
Figure 32,
Figure 33,
Figure 35
Figure 32,
Figure 33

Rate,
°C
/min
2
2
2
2

Tp, °C

ΔH, J/g

Fusion of ice
Tp, °C

ΔH,J/g

76.1
79.9
82.2
76.9

1033
1100
1160
1107

2
2
2
2

84

1159

0.32
0.48
0.36
0.21

102.2
111.3
109
102.8

2

39.71

2112

0.96

288
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163

54

162

66.42

10
10
3
3
3

dried and ground

Figure 32,
Figure 33

3

25

twice removed
lipids

Figure 34,
Figure 35

3

26

twice removed
lipids

Figure 34

27

twice removed
lipids

Figure 34

28

twice removed
lipids

Figure 34

24

Water evaporation

3
3
3

Other thermal transitions
ΔH,
Tp, °C
Tp, °C
J/g

27.44

1.5

3.74

390.1

17.71

2.092

-0.33

63.52

192.6

19.32

-8.29

0.9175

62.36

322.7

21.59

1.928

-7.79

80.39

196.64

20.55

1.833

-8.45

64.6

117.8

62.39

162.1

56.4

168

77.76

166
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CHAPTER THREE
PROBOSCIS AS A POROUS MATERIAL
Measurements of proboscis permeability using K100 instrument (KRUSS) was
performed to estimate the pore sizes of the Manduca sexta (Hawk moth) proboscis (Figure
39). The measurements are based on the Lukas-Washburn method to measure the
permeability of a porous material indirectly by evaluating the amount of absorbed liquid
and using the Lucas-Washburn theory of liquid wicking into porous materials [45-47].
According to this theory, when a porous material meets a test liquid, the liquid is drawn up
spontaneously into the pores due to capillary action. The instrument measures the change
of sample weight over time.

a

b

c
galea

Figure 40. Experimental setup: A) Kruss K100 force tensiometer. B) Galea is seen as a
wavy fiber. It is fixed in the holder and is brought in contact with the liquid. C) The
dried galea.
If the porous material is modeled as a bundle of capillaries, then the process can
be described by the Lucas-Washburn equation as:

m 2 c ρ 2σ cos θ
=
t
η
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(3.1)

where 𝑚𝑚 is a mass of absorbed liquid; t-time of absorption; 𝜎𝜎-surface tension of the liquid;

𝜌𝜌-density of the liquid; 𝜃𝜃-contact angle; 𝜂𝜂-viscosity of the liquid. The factor c depends on
the geometrical properties of the porous solid as

4kAwet 2ε
c=
R

(3.2)

where 𝑘𝑘 is the cuticle flow permeability, Awet is the surface area of the wet galea, ɛ-porosity

of the material, and 𝑅𝑅 = 𝑟𝑟 – the radius of cylindrical pores or 𝑅𝑅 = ℎ − the width of slitlike pores. Plotting the square of the mass against time shows a linear region, the slope of
which, for the known liquid properties (𝜎𝜎, 𝜌𝜌 and 𝜂𝜂), only contains the two unknowns, 𝑐𝑐

and 𝜃𝜃.

Table 4. Physical parameters of n-hexane needed to evaluate porosity and permeability of
proboscis.
Liquid name
n-hexane
σ [mN/m]

18.4

ρ [g/mL]

0.6594

η [mPa s]

0.3131

Only moths which were less 2 weeks old counting from the moment of emergence
from the pupa, have been tested. To evaluate the 𝑐𝑐-constant of the proboscis, the proboscis

was separated into 2 galeae by insect pins (Sphinx) and then the galeae were cut from the
head moth using micro straight scissors (Excelta). Each ≃ 2-3 cm long galea is considered

as one sample. One part of the galea was extended in a 0.6mm diameter glass tube, the
other part was left naturally coiled. The samples were kept in the freezer with temperature
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−80°𝐶𝐶 and then placed in the freeze dryer for 48 hours. The sample was fixed in the holder

of Kruss 100 between the holder grips. The grips compress the cut end, this way, the
extended part of the galea with the naturally sealed tip was sticking out and free hanging.
The measurements have been carried out in n-hexane for 30 sec each for 6 galeae. Only
galea 4 and galea 5 represent a pair.We waited for 3 minutes between the measurements.
Hexane was chosen because it forms zero contact angle, 𝜃𝜃 = 0, with the cuticle and hence
one parameter in (3.1) is eliminated.

The instrument moves the sample down at a velocity of 20 mm/min until it touches
the liquid surface. Then the sample is submersed to a predetermined depth. The force
sensor will zero the force after the surface detection and will start recording the force at the
same moment. The data acquisition frequency is fixed at 25 Hz. The samples were not
straight, making the data analysis difficult. That is why, after the K100 measurements, each
sample was placed under the microscope (HUVITZ) to recalculate the length of the wet
part of each galea, Figure 40.

b)

a)
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c)

d)

e)

f)

Figure 41. Images of samples: A) galea 1, B) galea 2 and C) galea 3 D) galea 4 E) galea 5
F) galea 6 taken using Huvitz HRM-300 microscope.
The measurements in n-hexane show that galeae demonstrate detectable absorption
only after submersing them to the length of about 6.2±3.7 mm. The criteria for absorption
detectability was set to have the slope greater than

m2
= 10−7 [g2s-1]. The reason for the
t

results scatter is that some samples were more coiled then the others, which affects how
much n-hexane the galea can absorb. Substituting 𝜌𝜌 = 0.6549 𝑔𝑔⁄𝑐𝑐𝑐𝑐3 ; 𝜃𝜃 = 0; 𝜂𝜂 =
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m2
0.3131 𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝑠𝑠 and average slope
for each galea into the Lucas-Washburn equation
t

(3.1), one obtains the constant c calculated for 6 galeae. Table 5 summarizes the obtained
results.
Table 5. Calculated slope and constant c for each galea.

Sample
galea 1
galea 2
galea 3
galea 4
galea 5
galea 6

m2
Slope
t

Constant c [m5]

1.23E-07

4.86164E-21

2.4E-07
3.22E-07
2.29E-07
3.67E-07
2E-07

9.52331E-21
1.27782E-21
9.06884E-21
1.45693E-21
7.9527E-21
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Figure 42. Absorption measurements in hexane for 6 galeae.
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n-hexane
galea 2

5.00E-07

galea 1

Slope m^2/t

4.00E-07

galea 3

3.00E-07

galea 4
galea 5

2.00E-07

galea 6
1.00E-07
0.00E+00

0

-1.00E-07

5

10

15

20

25

Actual depth, mm

Figure 43. Dependence of the slope estimated from the absorption measurements on the
depth of immersion of galea in hexane.
Absorption of water
Untreated galeae
After measurements of the galea absorption of n-hexane, we measured its
absorption of water. Two 2-3 cm long galeae were tested. One part of the galea was placed
in a 0.6mm diameter glass tube, and the other part was left naturally coiled. The samples
were kept in the freezer with temperature −80°𝐶𝐶 and then placed in the freeze dryer for 48

hours. Then samples were fixed in the holder of Kruss 100 between the holder grips one
by one.
Experimental analysis of the wetting properties of the external surface of the
butterfly proboscis shows that about 5–20% of the proboscis length has a hydrophilic
surface, and the remaining 80–95% of each proboscis of the tested species have a
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hydrophobic surface [48]. However, Manduca sexta is different as its proboscis is
hydrophilic all the way from the tip to the head [49, 50].

Galea 7
b
c
d

a
b
c
d

Galea 8

a 0 mm
b 10.0 mm

b

a
a

Figure 44. Absorption measurements in water.
The difference between experiments with absorption of n-hexane is that the
measurements of water absorption have been carried out two times longer, for 60 sec for
each sample, Figure 5. And we waited for 15 minutes between the measurements. Then
after 1 hour, the ‘galea 7’ was submersed in water for 5 min, 10 times longer than in nhexane (Figure 45).
Galea
5

Figure 45. Absorption measurements of ‘galea 7’ in water for 5 minutes.
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Figure 44 and Figure 45 demonstrate the results of water absorption by Manduca
sexta galeae suggesting that water has not been absorbed at a length less than 15 mm and

m2
=
2,16 ×10−9 [g2s-1] which
time of submersion from 1 to 5 min. The average slope is
t
m2
= 10−7 [g2s-1].
is smaller than the established threshold
t
Galea 5

Galea 6

d
e
c
b
a

g
h
f
d
b,c
a

a
b
c
d
e

a
b
c
d
e
f
g
h

Figure 46. Absorption measurements in water for 'galeae 5' and 'galea 6'.
Galeae after measurements in n-hexane
Also, after measurements of the galeae absorption of n-hexane, we measured the
same galeae’s absorption of water. After testing in n-hexane the samples ‘galea 5’ and
‘galea 6’ were placed in methanol for 30 sec, then dried for 3 days. Measurements in water
show that one sample (galea 5) starts absorbing after immersing it for 5 mm. We can see
the changing slope when the galea was sitting in water for 20 sec. The sample marked
‘galea 6’ did not show any changes of slope compared with the measurements in hexane.
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Porosity
The porosity of the sample is defined by the ratio
V pore
ε=
V pore + Vsolid

(3.3)

where 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the total pore volume which can be estimated by measuring the maximum

absorbed mass 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of the sample after soaking it in the n-hexane for a long time.

Then applying the formula 𝑉𝑉𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟 =

𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝜌𝜌

, we can identify this pore volume.

Measuring the mass of the dry sample, 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑 and knowing the density of the porous

material, 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , one can estimate the volume of the solid material 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 using the same
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

formula 𝑉𝑉𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑑𝑑 = 𝜌𝜌

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

.

We measured the amount of n-hexane the galea can absorb by submersing each

sample in n-hexane with the sealed tip down. We tested 3 samples immersed in n-hexane
for 1 hour. The weight of the sample was measured before and after immersing in n-hexane.
After soaking, the sample was gently shaken to remove the n-hexane. Initial weight of galea

ε 0.13 ± 0.02
was 0.6 ± 0.2mg. Change of weight is 15 ± 3%. The estimated porosity is=
(13 ± 2 %) based on the assumption that the density of the proboscis is ρsample=1g/cm3.
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Permeability
To estimate the permeability k we need to know the surface area Awet of the wet part
of the galea and pore size R to put in the equation (1.2). The porosity 𝜀𝜀 and constant 𝑐𝑐 have
been already measured.

Figure 47. Simplification of the galea in the form of 3 cylinders having perimeters P1,
P2, P3 of cross-sections and lengths l1,l2,l3.
To estimate the surface area of wet galea Awet, the galea is modeled as a complexly
shaped cylinder made of n links. This model is based on the available cross-sections of the
Manduca sexta proboscises. Figure 47 illustrates this model with 3 links represented basal
third of proboscis, middle third, and distal third with the perimeters P1, P2, P3 Perimeters
can be calculated using the images of cross-section of Manduca sexta proboscis published
in Ref. [51]. An algorithm described in Chapter 4 was used. The image analysis provides
the following data: P1 = 1,15mm, P2 = 0.69mm, P3 = 0.39mm. With these data, the wet surface area
n

can be calculated as Awet = ∑ Pli i where n is the number of submersed links.
i =1
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We do not know where exactly the proboscis was cut for imaging in Ref. [51];
therefore the positions l1,l2 and l3 of cross-sections are not known. The only information
provided in this publication was that the first cross-section associated with perimeter P1
was made close to the tip region, the second cross-section associated with perimeter P2
was close to the knee region, and the third cross-section associated with perimeter P3 was
close to the head region.
The average length of a Manduca sexta proboscis is

 70 mm. In our experiments,

only the tip region (Figure 41) of each galea was submersed. Therefore, to calculate Awet
for each sample, we assumed that Awet = P1 * l where l is actual depth at which the
absorption began. It is hard to know the exact pore geometry. We therefore consider two
models of the pore geometry, circular cylinders of radius 𝑟𝑟 and slit-like pores of opening ℎ.
However, the pores in both models are straight and perpendicular to the long axis of the
proboscis.
Circular cylinders. Modeling the pores by circular cylinders of radius 𝑟𝑟, we have

from the Hagen-Poiseuille law 𝑘𝑘 = 𝑟𝑟 2 /8. Replacing r by √8𝑘𝑘 , we obtain another
expression of constant 𝑐𝑐 as follows

2
ε rAwe2 t ε
4kAwet 2ε 4r 2 Awet
c= = =
.
R
8r
2

(3.4)

2
rAwet
ε
2c
Solving (3.4) for 𝑟𝑟 as c =
and substituting this solution in Eq.
→ r =2
Awet ε
2

(3.2) we can calculate permeability for each galea as
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k
=

r2
c2
4c 2
.
=
=
8 8 Awet 4ε 2 2 Awet 4ε 2

(3.5)

Slit-like pores. Modeling the pores as slits with an opening gap ℎ, permeability is

given by the Boussinesq formula as 𝑘𝑘 = ℎ2 /12. Replacing 𝑅𝑅 = ℎ by √12𝑘𝑘 , we obtain

another expression of constant 𝑐𝑐

2
4kAwet 2ε 4h 2 Aw2et ε hAwe
tε
c= = =
.
R
3
12h

(3.6)

2
hAwet
ε
3c
and substituting this solution in Eq.
Solving (3.6) for ℎ as c =
→ h =2
Awet ε
3

(3.2), we can calculate permeability for each galea as
k
=

9c 2
3c 2
h2
.
=
=
12 12 Awet 4ε 2 4 Awet 4ε 2

(3.7)

The results of measurements are summarized in Table 6.
Table 6. Calculated permeability and pore sizes for Manduca sexta galeae.

Sample

galea 1
galea 2
galea 3
galea 4
galea 5
galea 6

Surface
area of
wet galea,
Awet [m4]
1.65E-06
1.79E-06
2.4E-06
3.14E-06
1.38E-06
4.3E-06

Circular cylinders

Slit-like pores

Permeability,
k [m2]

Radius of
pore, r
[nm]

Permeability, k
[m2]

Slit opening, h
[nm]

3.73E-16
1.05E-15
5.87E-16
1.00E-16
6.95E-16
2.18E-17

54.6
91.6
68.5
28.3
23.6
13.2

1.39881E-16
3.93136E-16
2.20047E-16
3.7537E-17
2.60494E-17
8.19085E-18

40.9
68.6
51.3
21.2
17.6
9.9
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Summary
The proboscis is a natural nanoporous material. For Manduca sexta proboscises,
the estimated porosity is 𝜀𝜀 =13%. Manduca sexta galeae easily absorb n-hexane after

submersing them to the length of ~ 6.2±3.7 mm in n-hexane. Only galeae 4 and 5 came
from the same proboscis representing a pair. The left and right galeae are not exactly the
same, but the estimated pore size is very close. Modeling the pores by circular cylinders,
the estimated average pore radius is r = 34.9±22.5 nm, whereas assuming pores to be slitlike, the average slit opening was estimated as 46.6±30.1 nm. Probably, the pores at the tip
region are smaller than 1 nm or the tip does not have any pores at all.
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CHAPTER FOUR
TENSILE PROPERTIES OF PROBOSCIS CUTICLE
Young’s modulus & Poisson ratio
All materials can be classified as brittle and ductile based on their reaction to tensile
load [52] (Figure 48). Ductile materials are materials that can be plastically deformed
without cracking. They tend to retain some of the deformation after removal of the applied
load. Aluminum, copper and steel are examples of ductile materials.

Figure 48.The stress-strain curves of different types of materials in tensile tests.
A material is brittle if it breaks under stress without significant plastic deformation.
Brittle materials absorb relatively little energy before breaking, even those with high
strength. Cast iron, concrete, and some glass products are examples of brittle materials.
When the deformation is small, all materials follow a linear force-displacement
reaction. In tensile tests, a galea is stretched by a given force F. If the original length is l,
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and incremental change of the galea length is Δl, the measure of relative deformation is
longitudinal strain

εl =

∆l
.
l

(4.1)

The constitutive law for the material relates this strain to stress, which is the ratio
of applied force to the cross-sectional area Ac.s of the fiber.

σ=

F
.
Ac.s

(4.2)

Hooke’s law provides a linear relationship between stress and strain for tensile
deformation as

σ = Eε l ,

(4.3)

where E is the Young’s modulus. Only initial portion of the stress-strain curves
follows Hookean behavior. The ratio of strain ε t in the transverse direction to the strain in
the longitudinal direction is called Poisson’s ratio.

υ= −

εt
.
εl

(4.4)

This ratio for polystyrene is 0.38 for polypropylene 0.4, for PTFE 0.46, and for
completely incompressible materials, such as a rubber, the Poisson ratio is 0.5.
The Young’s modulus can be determined using a load-displacement curve with a
known Poisson's ratio[53].
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Tensile test is a classical material science test used to directly measure the materials
strength during elongation. The controlled tension is applied to a sample until it fully fails.
The modulus of elasticity measures the stiffness of a specimen, causing the material to
return to its original state after the load is removed.
The methodology behind the test is as follows. While holding the sample with two
clamps, the instrument slowly (quazistatically) stretches the sample as seen in Figure 49 at
a precise rate and measures the force that the sample applies on the clamps.
Different types of insect cuticle have different Young’s modulus. It shows an
extraordinarily broad range of mechanical properties. Elastic modulus E shows variability
in the range of 6-7 orders of magnitude. We want to estimate Young’s modulus of the
butterfly proboscis.
Experimental setup
We first started by using universal Instron (Model 1125) hydraulic powered testing
machine with the load cells for fibers (Figure 48). This type of machine has two crossheads;
one is adjusted for the length of the specimen and the other is driven to apply tension to the
test specimen. Fixing fragile biological samples in the load cells was a problem. In 30% of
cases, the sample was breaking before testing. We wanted to get as much information as
possible from testing each proboscis, so we decided to record the process with a high-speed
camera to estimate the Poisson ratio in parallel with the Young’s modulus.
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Figure 49. Proboscis is fixed in grips of Instron universal testing machine Model 1125.
We had difficulties with Instron machine, because of the lack of room: the camera
required a special lens to magnify the proboscis. Also, an illumination system must be
installed next to the lens. The lack of available space between Instron grips made
experiments inaccessible: we were ruining the samples without getting good results. We
decided to use a micro-tension machine.
A huge advantage of this instrument is that we can place the instrument under the
microscope and record the experiment using the camera. Also, the sample is fixed in the
load cells by a screwdriver helping to avoid the sample breakage before testing.
It was a challenge to set up the experiment. Nobody had used a microtensile
instrument for several years. It took some time to select the microscope and build a special
stage for moving the cells after loading the sample. The final setup is Micro
Tensile Testing Machine (Model 2000, Minimat), Microscope Olympus MVX10 with high
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speed camera (Model Y4, IDT), two light swing arm lamps (Chin Techical Corp.), and a
house built wooden stage for loading (Figure 50).
Micro Tensile Testing Machine had 3 deformation modes: tensile, compression, 3point bending with a load range from 0.2 to 200N. It consists of the load cell and the motor.
The left cell is fixed, only the right part can move. The extension rate for tensile testing
was chosen to be 6 mm per min. Every trial was recorded by the camera with 500-800 fps.
After every trial we obtained a load-displacement curve and a video for analyzing
the deformation and estimation of the Young’s modulus and Poisson ratio.
Prior to proboscis testing, we calibrate the instrument with the fibers with the
known diameter, tensile strength and elongation at break (Table 7). The obtained results
on the reference fibers are in a good agreement with the data provided by the vendor
Taylor&Francis.

Table 7. Tested fibers on Microtensile instrument with known characteristics for system
calibration.
Fiber
Characteristics from the
Characteristics are
Taylor&Francis
measured by Microtensile
system
Solid PP fiber (#1200)
Tensile strength 41cN/tex Tensile strength 0.9±0.05N
or 0.9 N
Elongation at break 71%
Elongation at break 71±1%
PP fiber with complex
Tensile strength 29cN/tex Tensile strength 0.5±0.04N
ester core (#1195)
or 0.55 N
Elongation at break 70%
Elongation at break 70±1%
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A)

B)

Figure 50. A) Microtensile system for tensile test with microscope, load cells and a
house built wooden stage for sample loading. B) A schematic drawing of the
microtensile system.
Challenges with the sample preparation
We worked with proboscis of Manduca sexta (hawk moth). It is 5-7 cm long and
its diameter varies from 50 µm to 250 µm along its length. Each proboscis was separated
into 2 galea. From each galea, we were able to cut 3 samples.
Our goal was to fix the piece of the galea in the grips avoiding any damage. We
started from the accepted sample preparation technique for fibers: the sample was placed
between paper clamps and fixed by a super glue (The Gorilla Glue Company). This method
was questionable because the galea is a hollow tube and the super glue could penetrate it,
reinforcing the sample.
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We decided to use epoxy resin (Cargo) and plastic clips as shown in Figure 50. A)
The galea placed between plastic clamps with the insect pin securing the galea in the dried
epoxy. Due to its texture the epoxy resin does not penetrate the sample, but it will take time
to cross-link the resin. Over this time, proboscis will dry and become inapplicable for
tensile test in meantime.
a)

b)

Figure 51. A) The galea placed between plastic clamps with the insect pin securing the
galea in the dried epoxy. B) A schematic drawing illustrating the procedure of sample
preparation.
We decided to use the electrical black tape (Power Gear) with good adhesion and
insect pin securing galea in between two pieces of tape. This technique allows us to avoid
vigorous deformation of galeae and over-drying of the sample.
Instructions for sample preparation for tensile test
The detached head from the freshly killed butterfly was pinned to the wax surface
with insect pins (Step 1). The proboscis was uncoiled and separated into 2 galeae (Step 2).
Each end of the galea was rolled around an insect pin and placed between two rectangles
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of electrical tape (Steps 3). The pin had to be perpendicular to the galea axis. This helps to
increase friction between the coiled piece of galea and the pin, thereby avoiding slippage
during the tensile test. Hawk moth’s proboscis was ≃3-5 cm long. Three samples of 5 mm-

1.5 cm length were cut from each galea (Steps 4-7): Every sample was labeled, for example
hm1rh, where ‘hm’ means Hawk moth; 1 is specimen number; ‘r’ is right galea (or ‘l’ left
galea); ‘h’ is a region between the head and the knee (‘m’ stays for the middle region
situated above and below the knee, ‘t’ is a region between the knee and the tip.
Step 1: Detach the head from the body and pin the head to the wax surface with the
insect pins. Uncoil the proboscis with an insect pin.

pin

head

pin
pin
Figure 52. A schematic picture for step 1. The detached head from the body is
pinned to the wax surface by insect pins with the uncoiled proboscis.
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Step 2: Separate the proboscis into 2 galeae by gently rubbing the tip by the pin up
and down the legulae.

pin
head
galeae
pin

pins

Figure 53. A schematic picture for step 2. The uncoiled proboscis with separated
galea.
Step 3: At this point, one can either cut one galea from the base of the head or leave
the galea attached and continue with the sample preparation.
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pin

galea

Figure 54. A schematic picture for step 3. The coiled galea cut from the head.

Step 4: Stretch a single galea out and pin it to the wax surface. Cut two small
rectangles of black tape about 1 cm2 each.
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Figure 55. A schematic picture for step 4. Stretched galea between two pins and two
rectangles of electrical tape are prepared for placement.
Step 5: Coil one end of the galea around an insect pin and place it horizontally on
top of one of the tape pieces. Cover this piece of tape with the other piece to “sandwich”
the galea. Be sure to seal the tape tightly at the edges, so the galea does not slip out. Remove
the parts of the insect pin that stick out of the tape sandwich.
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pin

galea
‘sandwich’

Figure 56. A schematic picture for step 5. One end of galea is coiled around an insect
pin. The other is placed horizontally between two pieces of tape.
Step 6: Cut out the unfastened end of the galea at an appropriate length (~1 cm) to
be able to fasten to the other end. A hawk moth sample should usually provide 3 samples
for each galea (head, knee, and tip). Repeat steps 4 and 5 to secure the other side of the
galea, and repeat steps 4 and 5 for each section of the proboscis. For a tensile test the
sample should look like this:
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Figure 57. A schematic picture for step 6. The final sample is ready for tensile test.
Specimen slippage
One of the problems during the tensile testing is the sample slippage. We can observe it on
a plot obtained from the tensile machine. The curve looks different for a broken sample
and for a slipped sample (Figure 58). When the galea breaks, the force steeply decreases,
while the deformation remains constant (Figure 58A), because the instrument stops
measuring the sample elongation. In contrast, when the galea slips from the grips, one
observes a characteristic maximum of the force (Figure 58B) after which the strain
continues to increase. With the developed method of sample preparation and gripping with
the end pins, we were able to reproduce the typical behavior shown in Figure 58A for all
samples.
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Instructions for measuring Poisson ratio
For calculation of the Poisson ratio ν, we must measure the strain in transverse and
B

Breakage of the sample

Slippage of the sample

0.6

0.8

0.4
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Force, N
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0
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0.2
0

0.03

0

Strain, (-)

0.02

0.04

0.06

0.08

Strain, (-)

Figure 58. A) Mechanical behavior of the firmly secured galea. The galea is fixed
properly in the grips. B) The strain continues to grow indicating that the galea slippage
occurs in the grips.
longitudinal directions. The strain in the longitudinal direction ε l is calculated by Eq. (4.1)
based on the data from tensile test. The strain in the transverse direction ε t is calculated
knowing the deformation of the width of the specimen under tension as

=
εt

d − d o ∆d
=
d0
d0

(4.5)

where d 0 is the initial width of the galea and d is the galea width at the given moment of
time.
The change in the width of the galea, ∆d , can be estimated from videos recorded during
the tensile test. The width is measured at the selected points on the surface of proboscis,
Figure 59 and Figure 60 . The galea can be colored for easier image analysis as in Figure
59.
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t=0s

t=1.36s

t=3.42s

t=4.12s

Figure 59. A series #1 of images (sample hm14rm) with labeled defects that were tracked
during the tensile test to measure the diameter at the points of the selected defects. The
galea was colored in ImageJ.
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t=0 s

t=1.44 s

t=3.12 s

t=3.37 s

Figure 60. A series #2 of images (sample hm14lh) with circled defects that were tracked
during the tensile test to measure the diameter at the points of the selected defects.
Step 1. Watch the video of tensile test and choose 1 or 2 markers from each side of
the sample. Adjust brightness and contrast or color the galea as in Figure 59 using ImageJ
or another software. Markers must be visible and recognizable during the tensile test.
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Step 2. At each chosen point, measure the width of the galea using ImageJ or
another software, frame by frame.
Step 3: Using eq. (3.8) calculate strain ε t
Step 4. Using eq. (3.7) estimate the Poisson ratio for each galea
Application of Machine learning technique for analysis of strains in galeae
The same videos obtained from the tensile test can be used for real-time image
processing OpenCV library in Python [54]. It is a powerful cross-platform library for image
and video manipulation and supports a lot of algorithms related to computer vision and
machine learning. Fang Wang from Clemson University helped us to adopt this method for
image processing and analysis of the tested galeae.
Machine learning algorithms were implemented to measure the angle of evolution,
Figure 63, of natural pattern elements (Figure 59 and Figure 60) on the outer side of each
galea before the sample breakup Figure 62 illustrates the workflow for calculating the
evolution of the average angle of desired objects during tensile test.
First, the image of the galea was denoised using ‘non-local means denoising’ algorithm
and then binarized using ‘Otsu’ algorithm. Before binarization, we applied a mask to obtain
the black and white images as seen in Figure 62b. This step helped us to determine the
centerline of the galea. The intensity of pixels changed to 0 in the area associated with the
galea.
The next step was to find the contour of masked image shown in Figure 62b. The
contour is defined as an array of coordinates of the boundary points of the object.
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2
2
Then the centerline, ( x, y )= ( x1 , y1 + (( x2 − x1 ) + ( y2 − y1 ) ) / 2) , was calculated

using (𝑥𝑥1 , 𝑦𝑦1 ) and (𝑥𝑥2 , 𝑦𝑦2 ) coordinates of the upper and lower edges of the contour,
respectively. The upper and lower edges are separated using centroid 𝑦𝑦�, where y1 > y
𝑀𝑀

and y2 < y . The centroid can be found using the image pixel intensities 𝑦𝑦� = 𝑀𝑀01 [54],
00

where M ij = ∑∑ xi y j I ( x, y ) are the raw image moments, and I(x,y) are the pixel
x

y

intensities. Then the centerline of the detected contour has been fitted to a linear function
shown in Figure 62c. The centerline is used as a reference in the calculation of the tilting
angle of the galea rings.
Then in the source image we apply the mask only to the upper and lower edges of the
galea. This allowed us to focus and identify the rings on the galea.
Figure 62d illustrates the detected contours of each ring. While only the upper parts of
the rings are visible, their angle of tilting can be determined by approximating these visible
parts by ellipsoids and finding the central lines of these ellipsoids. Therefore, the angle of
inclination of the rings is defined as the angle of inclination of the associated ellipsoid.
In this step, the ring detection is strongly limited by the quality of the source image.
As seen in Figure 62d, two or more rings may form a merged bright object which do not
have an elliptic shape and are typically larger than the elliptical elements forming a fencelike structure. To remove these large objects, we apply a threshold value to both the aspect
ratio and the contour length of the ellipsoids. And we also set a maximum value to the
contour length of the pattern elements.
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Then the centers of ellipsoids were determined by using the image moments of
detected contours of the ellipsoids. Next, the Euclidean distance between two consecutive
centers was calculated as the spacing between two objects. The outliers of distance were
removed to obtain more accurate results. Outlier is defined as

θ − θ > 2σ θ
d − d > 2σ d
where θ and d are the orientation angle and distance between two centers, θ and d
are the average angle and distance before removing outliers, σ θ and σ d are the standard
deviation of orientation angle and distance before removing outliers. The points of filtered
contours are approximated to a straight line by applying a fit line function.
Then, for each frame, the average angle between the identified line and the centerline
of the galea contour was calculated, averaging the calculated angle between each identified
line and the centerline for each line (Figure 61).

Frame 100
Frame 102
Frame 101
Figure 61. Three consecutive frames showing the evaluation of angle between straight
lines passing through the centers of ellipsoids, green lines, and centerline of the galea
contour, red line. Sample is hm14lh.
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To reduce the standard deviation and further increase the accuracy of the averaging
procedure for identification of the angle change during the galea deformation, the outliers
were identified and removed from the dataset of measured angles.
During the galea deformation, the angle of ring orientation changes as shown in Figure
63. These deformations have been monitored over 780 frames from one movie when the
galea was continuously deformed and before the galea breakup. One observes that the rings
tilt toward the centerline with the galea extension: the average angle of tilting changes from
~ 34.7° to ~ 33.5°. This confirms that the extensional deformation is coupled with the
tilting of rings forming the galea.

The presented Image processing algorithm significantly depends on quality of the
source images. This method becomes inaccurate when the image features such as their
shapes significantly differ, and one cannot identify the pattern or when the image cannot
be denoised. Therefore, the quality of movies is critical for this analysis.
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Figure 62. Main steps in the image processing for analysis of evolution of ring orientation
during the tensile test. A) Original image of the galea (sample hm14lh) before stretching.
B) Binarization step to make the galea white and the background black. The image was
denoised, and the proboscis was colored white with the mask. C) The calculated centerline
is shown. The centerline is a reference for calculation the evolution of orientation angle of
rings. D) The rings are tilted ellipses. The detected pattern is limited by the quality of
original image E) Approximated straight lines for calculation of the averaged angle
between the pattern element and the centerline B)-E) Images courtesy of F. Wang.
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Figure 63. Evolution of orientation angle before the galea breakup (sample hm14lh).
Image courtesy of F. Wang.
Results and Discussion
The Manduca sexta proboscises were tested using the microtensile system in Figure
49. The raw data obtained from the Microtensile machine provided the force vs time curve
for every specimen. In total, we collected 12 good curves (Figure 64), detecting the breakup
of the galea and ensuring that no slippage occurred. We observed that the galea behaves as
a brittle material such as cement, some glasses and polystyrene (Figure 48). The time at
breakup varied from 1.44 sec to 7 sec and critical force range from 0.5 N to 1.23 N.
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Figure 64. Raw data from the microtensile tests.
Stress-strain curve
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Figure 65. Stress-strain curves of different tested specimens of Manduca sexta galeae.
We focused only on the linear part of the curve prior to the galea breakup. The next
step was to plot the stress vs strain graphs, Figure 65. Converting the force and time into
the stress and strain using Eq. (4.2) and (4.3) using for ∆l in Eq. (4.1) ∆l = l + Ut , where
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U =6

mm
, the ultimate strength is found to vary between12 MPa and 30 MPa and the
min

ultimate strain varies between 2% and 12 %, respectively.
We used the linear trendline equation implementing the least-rectangular methods
to seek the slope coefficients of each series of data. Averaging the slope of the stress-strain
curves over all 13 samples, we obtained the averaged Young’s modulus of Manduca sexta
galeae as E= 500±115 MPa for specimens older than 1 week and E= 267±52 MPa for
specimens less than 1 week old (Figure 66).
The recorded videos helped us to estimate the change of the galea width so that the
Poisson ratio can be also calculated using Eq. (3.7)-(3.8). The Poisson ratio was only
measured for 7 galeae videos (hm6lm, hm9rm, hm11lt, hm14lt, hm14rm, hm16lh, hm16lt)
because the quality of the other videos was not applicable for calculations. The averaged
Poisson ratio of the Manduca sexta galea was ν=0.46±0.04 for specimens older than 1 week
and ν=0.44±0.05 for specimens less than 1 week old.
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Figure 66.The Young’s modulus chart of different tested specimens.
Using Table 8, the Young’s modulus of proboscises can be compared with different
types of arthropod cuticles. The Young’s modulus of proboscises appear bigger than the
Young’s modulus of the resilin rich cuticle [18]. However, it is ten times less than the
modulus of the lobster cuticle. Elastic modulus of the Manduca sexta proboscis is closer to
the Bamboo weevil’s wing [55]. Unlike the dragon fly wing[56], the wing of Bamboo
weevil is more rigid and sclerotized. It undergoes cyclic loading and is somewhat similar
to the lepidopteran proboscis that coils and uncoils.
Table 8. Young’s modulus of arthropod cuticles
Sample
Young’s modulus
1kPa [18]

Intersegmental membrane, soft
cuticle
Resilin rich cuticle

1 MPa [18]
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Dragon fly’s wing

100-250 MP[57]

Bamboo weevil’s wing

0.6-3.3 GPa [55]

Elytron, sclerotized cuticle

1-20 GPa [18]

Acorn weevil rostrum

1.36-6.04 GPa [58]

Lobster’s cuticle

4-9 GPa [20]

Scorpion’s cuticle

7.3-8.2 GPa [59]

Manduca sexta proboscis

500±115 MPa dry
267±52 MPa wet
92.26 GPa [27]
150 GPa[18]

Chitin

Physical and structural determinants of proboscis performance
Consider first a single galea as a cylindrical shell of thickness h filled with
hemolymph (Figure 67).
In an arbitrarily chosen cross-section BC, we introduce a system of coordinates
with the center O at the centroid of a 2D body bounded by the external contour BC.

h

y

C
B

O

x
z

Figure 67. Schematic of an arbitrarily chosen cross-section BC of a single galea with the
thickness of wall h.
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The proboscis is sealed at the tip; therefore, the force acting along its length is zero,
provided that the tip is not pressed against any substrate. At any arbitrarily chosen crosssection BC of a single galea, the force acting normally to its cross-section BC is zero as
well.
In general, the stress system in the case of three-dimensional loading can be
represented by three normal stresses σxx, σyy, σzz and three shear stresses τ xy, τ xz, τ yz as
shown in Figure 64.
The shear stresses on the cuticular walls of the galea is zero, therefore,

σxx

y

τ=
τ=
τ yz
xy
xz

τxz

τxy

x
z

σyy

τyz

σzz

Figure 68. Stresses acting on a surface of a
solid cube.
≡ 0 . The normal stress σzz acts perpendicularly at the cross-section BC, it is

either tensile σ zz+ or compressive σ zz− .
Let’s assume that the galea is empty, there is no hemolymph, and hence only the
normal stress σzz acts on the walls. Considering the contribution of stresses uniformly
distributed over an infinitesimal element of area dA, these stresses will give rise to the
force dFz

88

=
f z dF
=
σ zz dAsolid ≡ 0
z

(4.6)

where dAs is the area differential of solid cuticle.
The Euler–Bernoulli beam theory can help to understand how the proboscis
behaves under simultaneous action of axial forces and bending moments. The bending
moment M is balanced by normal stress σ zz as seen in Figure 65.
=
Mx

=
∫ yσ zz dA 0

solid

=
My

=
∫ xσ zz dA 0

(4.7)

solid

E=
=l σ=
ε l Eε zz for bending about x axis
Applying Hooke’s law (4.3) σ
zz
ε zz =

y
,
Rx

(4.8)

ε zz =

x
.
Ry

(4.9)

and for bending about y axis
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Figure 69. Schematic of proboscis cross-section along its long axis.

We obtain the bending moments
Mx
=

=
∫ yσ zz dA E ∫

y2
dAsolid ,
Rx

(4.10)

=
∫ xσ zz dA E ∫

x2
dAsolid .
Ry

(4.11)

solid

=
My

solid

Materials properties in these equations are represented by Young’s modulus E. The
tensor of inertia is introduced by its components as

I=
xx

∫

y 2 dAsolid , I=
I=
xy
yx

solid

∫

solid
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xydAsolid , I=
yy

∫

solid

x 2 dAsolid .

(4.12)

The structural properties of the proboscis are expressed by tensor of inertia of the
proboscis cross-section. The second moment of inertia characterizes the structural features
of the beam. In order to find the center of mass, Yc, we move the center of (X,Y) coordinates there. Then in the system of coordinates shifted to the centroid, the following
equation holds

∫

ydAsolid = 0 . In the laboratory system of (X,Y) - coordinates we have

solid

Y = Yc + y ⇒ y = Y − Yc ⇒

∫

solid

Yc, we have Yc =

∫ YdA

solid

Asolid

ydAsolid =

∫

(Y − Yc )dAsolid = 0 . Solving this equation for

solid

.

Algorithm for calculation of tensor of inertia. The horseshoe shaped frame
with the rectangular hole as an example of a galea cross-section
For each galea, we need to calculate the tensor of inertia, the first moment of inertia,
the area of solid cuticle and the area occupied by hemolymph. First, to calculate the second
moment of inertia and the center of mass of different cross-sections, with the help of Dr.
Arthur Salamatin, we developed a special algorithm and implemented it in MATLAB®
(see Appendix ‘MATLAB code’). As an illustration of this algorithm, we first model the
galea cross-section by a horseshoe shaped frame with a rectangular hole. The moments of
inertia of rectangles are known; hence we can analytically check the results of our
MATLAB calculations with the developed algorithm.
Step 1: Set up the xy system of coordinate as seen in Figure 66 and plot the
horseshoe shaped frame with the rectangular hole in it.
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Step 2: Plot a mirror symmetric image of the horseshoe shaped frame as shown in
Figure 67. This becomes a simplified model of a proboscis.

y

w2
w1

w3
l3 h

O

l4

l1
l2

d

x

Figure 70. a) The horseshoe shaped frame with the rectangular hole in the xy coordinate
system with the center O as a simple case of galea, where is l1=4, l2=2, l3=6, l4=1, w1=1,
w2=5, w3=2, h=6, d=1.
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y’

y’’

O’’

O’

x’, x’’

Figure 71. Two horseshoe shaped frames with rectangular shapes as a simple model of a
proboscis. O’ is the center of mass of one galea. O’’ the center of mass of proboscis. The
right horseshoe frame is triangulated.
Step 3: Triangulation of the horseshoe shaped frame with the rectangular hole using
custom function ‘trianglemesh’.
The input for function ‘trianglemesh’ is the coordinates of contours. This function
creates a mesh of objects using triangles and returns coordinates of the triangle nodes,
number of edges, and number of triangles. The function consists of original built-in
MATLAB functions.
Step 3.1: Decompose the given area into minimal regions.
In order to create a mesh, we need to decompose the given area into minimal
regions using the MATLAB function ‘decsg’ [60]. Then these basic shapes will be
triangulated.
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The input for this function is the contour of the body. Basic shapes are rectangles
and circles. We excluded the areas that are composed of both rectangles and circles. The
output for this function is the decomposed object into minimal regions.
Then, we created a model to generate a mesh of the object using function ‘cretepde’
[61] with geometry obtained from function ‘decsg’.

Figure 72. The horseshoe shaped frame with the hole decomposed into minimal regions
using MATLAB function decsg. E1-E16 are edges of basic shapes.
Step 3.2: Triangulate the given area.
To generate a mesh we used the MATLAB function ‘generateMesh’[62] from
Partial Differential Equation Toolbox™ . This toolbox uses meshes with triangular
elements for 2-D geometries. The triangles in 2-D meshes are specified by six nodes by
default as seen in Figure 73 or in Figure 74. A triangle has nodes at its corners and edge
centers. Every node has (x,y) coordinates.

Figure 73. 2D quadratic element showing node numbering. Adopted from [18].
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Figure 74. Zoom in triangulated surface of horseshoe frame (Figure 71) with numbered
nodes.

The size of a single triangle correlates with the calculation time. The smaller the
triangles, the longer the calculations will take. We have chosen that the longest edge of the
triangle, Hmax, will depend on the contour size as H max = 0.01diamx , where diamx is the
diameter of the contour in x direction.
Then, we need to convert the mesh to the matrices p, e, and t representing the
number and coordinates of nodes, number of edges, and number of triangles in the mesh,
respectively. The build-in function ‘meshToPet’[63] provides the [p,e,t] triplets. For
further analysis we used only matrices p and t.
p (points, the mesh nodes) is a 2-by-Np matrix of nodes, where Np is the number
of

nodes

in

the

mesh.

Each

column p(:,k) consists

of

the x-coordinate

of

point k in p(1,k) and the y-coordinate of point k in p(2,k).
t (triangles) is a 4-by-Nt matrix of triangles. Nt is the number of triangles in the
mesh. Each column of t contains the indices of the points in p that form the triangle.
Triangle points are ordered as shown in Figure 69.
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Step 3.3: Calculate the center of mass of given area using the custom MATLAB
function ‘centerofmass’.
The input for this function is the arrays of coordinates of triangles, indices of
vertices and number of triangles. The output for this function is the total area and center of
mass of the given objects.
We used the mesh data, p and t matrices components, to calculate the center of
mass. First we set v1, v2, v3 as vertices of the first triangle with coordinates (x1,y1),
(x2,y2), and (x3,y3), respectively. Then we can find the vertices of the next triangle in the
list of coordinates using the index method. We can find an element by knowing its index.
Each column of matrix t contains the indices of the points in p that form the triangle (Figure
73). The first vertex of the second triangle will have the same index 1 as the first vertex of
the first triangle in the matrix t. Following the same idea, other vertices can be found. After
these iterations, v1, v2, v3 are arrays of vertices of all triangles in the mesh, where v1(1) is
the array of x coordinates of the first vertices of triangles, v1(2) array of y coordinates of
the first vertices of triangles; v2(1) is the array of x coordinates of the second vertices of
triangles, v2(2) is the array of y coordinates of the second vertices of triangles, v3(1) is the
array of x coordinates of the third vertices of triangles, and v3(2) is the array of y
coordinates of the third vertices of triangles.
Then, the total area A is the absolute value of
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)

(

 v1 (1) × v2 (2) − v3 (2) + 
i
i
i

N 
A =∑  +v2 i (1) × v1i (2) − v3 i (2) + 
.
i =1 
 +v (1) × v (2) − v (2) 
1i
3i

 3i

(
(

)
)

where N is number of triangles, v1i (1) - v3i (1) are x coordinates of first, second and
third vertices of i-th triangle, and v1i (2) - v3i (2) are y coordinates of first, second and third
vertices of i-th triangle.
The

xi=

center

of

mass

1
(v1i (1) + v2i (1) + v3i (1))
3

of
and

i-th

triangle

with

coordinates

(xi,yi)

is

1
(v1i (2) + v2i (2) + v3i (2)).
3

yi=

The center of mass O’ or the first moment of inertia with coordinates (Xc,Yc) of
the horseshoe shaped frame with the hole can be calculated as the weighted sum of the
N

N

xi Ai
yi Ai
∑
∑
=i 1 =i 1
, Yc
Xc
=
=
N
N
centroids of triangles:
∑ Ai
∑ Ai
=i 1 =i 1

where ( xi , yi ) is center of mass of i-th triangle.
Once the center of mass has been determined, the center of coordinates O is shifted
to the center of mass O’ of the horseshoe shaped frame with the rectangular hole.
Step 4: Shift the center of coordinates of one horseshoe shaped frame to the center
of cross section of the two horseshoe shaped frames, O” with coordinates (0, Yc), where
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Yc is the y coordinate of center of mass of two horseshoe shaped frames with rectangular
holes.
Step 5: Calculate tensor of inertia of two horseshoe shaped frames with rectangular
holes using custom MATLAB function ‘integrateSolutuion’.
The input for this function is the same as for the function ‘centerofmass’, which we
discussed in step 4. The output for this function is tensor of inertia I. We are interested in
Ixx and Iyy components for Eq. (3.15). In order to calculate them, we implemented the
trapezoid rule to integrate over an area that has been partitioned into smaller regions.
Let T(f) represent the trapezoid approximations to

∫ f dR

some region of area R

R

[64, 65]. In one dimension, where R=[a,b], the rule is

∫ f=

(b − a )(

R

f (a ) + f (b)
)
2

Where (b-a) is the length of the interval and

(4.13)

f (a ) + f (b)
is the mean value of
2

function 𝑓𝑓. Equation (4.13) is generalized to higher dimensions as follows. If R is a
polygonal region with vertices P1, P2,…,Pm, then the rule (4.13) extends to
=
∫ f Area( R) ×
R

1 m
∑ f ( Pi )
m i =1

(4.14)

In our case, we decomposed the entire region into triangles; hence

1 3
=
f ∑ Ai ⋅ ∑ f (v j )
∫
3j1
=
i 1=
solid
N

where N is the number of triangles, and v j are the vertices of i-th triangle.
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(4.15)

The components of the tensor of inertia of the i-th triangle from Eq.(4.12) can be
calculated with respect to the center of mass (0,Yc) of the cross-section as

∫

solid

N

x dAsolid = 2 AI yy = 2∑ Ai I yy i =
2

i =1

1
= 2∑ Ai × [v1 i (1) 2 − v2 i (1) 2 − v3 i (1) 2 ],
3
i =1
N

∫

solid

(4.16)

N

y dAsolid = 2 AI xx = 2∑ Ai I xx i =
2

i =1

(4.17)
1
2
2
2
2∑ Ai × [(v1 i (2) − Yc ) − (v2 i (2) − Yc ) − (v3 i (2) − Yc ) ],
=
3
i =1
N

where v1i (1) - v3i (1) are the x coordinates of first, second and third vertices of i-th
triangle, v1i (2) - v3i (2) are the y coordinates of first, second and third vertices of i-th
triangle.
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Step 6: Analytically calculate the same parameters using the known theorems and
formulas. As a test, we have chosen the horseshoe shaped frame with l1=4, l2=2, l3=6, l4=1,
w1=1, w2=5, w3=2 and with rectangular hole h=6, d=1 as seen in Figure 68.

y

1

6

2

4
3

5

x
Figure 75. The horseshoe shaped frame with the rectangular hole in xy coordinate system
with center O with labeled segments to calculate the moments of inertia.
When calculating the area moment of inertia of a complex structure such as the
horseshoe shaped frame, we must calculate the moment of inertia of smaller segments. We
have chosen to split this section into 6 rectangular segments as seen in Figure 75. After
this, the area and centroid of each individual segment need to be considered to find the
centroid of the entire section.
Now we simply need to use the formula [66] for calculating the centroid of a multisegment shape:

=
y

Ay
∑
∑Ax
=
,x
∑A
∑A
i

i

i
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i i
i

(4.18)

where Ai is the individual segment’s area, yi and xi is the individual segment’s
centroid distance from a reference line.
•

Segment 1:

A1 = 5 ×1 = 5,
y1 = 1 + 1 + 4 + 1 +
x1 =1 +
•

5
=2.5.
2

1
= 7.5,
2

Segment 2:

A2 =1× 4 =4,
y2 = 1 + 1 +
x2=
•

4
= 4,
2

1
= 5.5.
2

Segment 3:

A3 =1× 6 =6,
y3 =1 +

6
=4,
2

x3 = 1 + 1 + 1 +
•

1
= 2.5.
2

Segment 4:

A4 =1× 6 =6,
6
=4,
2
1
x4 =1 + =4.5.
2
y4 =1 +

•

Segment 5:
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A5 = 5 ×1 = 5,
1
= 0.5,
2
5
x5 =1 + =2.5.
2
y5=

•

Segment 6, hole:

A6 =1× 6 =6,
6
=4,
2
1
x6 = 1 + 1 + = 2.5.
2
y6 =1 +

Substituting A and y for each segment to Eq.(4.18), the formula for the centroid
becomes the following
=
y

A1 y1 + A2 y2 + A3 y3 + A4 y4 + A5 y5 104
= = 4
A1 + A2 + A3 + A4 + A5
26

=
x

A1 x1 + A2 x2 + A3 x3 + A4 x4 + A5 x5 89
= = 3.42
A1 + A2 + A3 + A4 + A5
26

To calculate the total moment of inertia Ixx and Iyy of the section we need to use
the “Parallel Axis Theorem”[66]:

=
I total

∑ (I

i

+ Ai di 2 )

(4.19)

where Ii is the moment of inertia of the individual segment about its own centroid axis, Ai
is the area of the individual segment, di is the vertical or horizontal distance from the
centroid of the segment to the neutral axis.
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Since we have split it into six rectangular parts, we must calculate the moment of
inertia of each of these sections. It is known that the moment of inertia equation of a
rectangle about its centroid axis is simply:
=
I xx

1 3
1 3
=
bh , I yy
hb
12
12

(4.20)

where b is the base or width of the rectangle, and h is the height of the rectangle.
Now we have all the information we need to use the “Parallel Axis Theorem” [66]
and find the total moment of inertia of the horseshoe shaped frame with the hole. First, we
will calculate Ixx:
•

Segment 1:

1
× 5 ×13 = 0.416,
12
d x1 = y1 − y = 7.5 − 4 = 3.5.
I x1 =

•

Segment 2:

I x 2 = 5.33,
d x 2 = 0.
•

Segment 3:

I x 3 = 18,
d x 2 = 0.
•

Segment 4:

I x 4 = 18,
d x 4 = 0.
•

Segment 5:
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I x 5 = 0.416,
d x 5 = 3.5.
•

Segment 6, hole:

I x 6 = 18,
d x 6 = 0.
Substituting I and d for each segment to Eq.(4.19), the formula for the moments of
inertia of a single horseshoe shaped frame becomes the following

I xx = ∑ ( I xi + Ai d xi 2 ) = 164.8,
I yy = ∑ ( I yi + Ai d yi 2 ) = 364.8.
The moments of inertia of simplified model of proboscis consisting of two
horseshoe shaped frames are

2=
I xx=
I xx 329.6,
total
2=
I yy=
I yy 729.6.
total
Step 7: Compare the results. The calculated parameters using the developed
algorithm can be compared with the values calculated by known theorems and formulas
using Table 9. The accuracy of calculation using developed MATLAB code is 0.9996%
Table 9. Parameters calculated by the developed MATLAB code and formulas.
Parameter

Developed code

Known formulas

Area of horseshoe shaped
frame with rectangular hole
Center of mass of
horseshoe shaped frame
with rectangular hole
Ixx
Iyy

26

26

(3.42;4)

(3.42;4)

329.6
729.6

329.5
729.5
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How to obtain contours of galea and implement the algorithm
After developing the code for calculation of moments of inertia, area, and center of
mass of the horseshoe shaped frame with rectangular hole we can move to analyze the
butterfly galea. We face the challenge of obtaining contours of the complex geometry of
the cross-section of the proboscis and implementing the tested algorithm. These contours
will be used for calculation of the tensor of inertia and the first moment of inertia and area
of solid cuticle and area occupied by hemolymph. To solve this problem, we developed a
custom code in National Instruments LabVIEW®, using features from their Vision
Development Module, and linked it with an analysis code developed in MATLAB®.
Step 1a: Open the image of cross-section in the developed custom code in
LabVIEW (see Appendix ‘LabVIEW code”) by adding the file path to an input window
‘image input’ as seen in Figure 76, which led to IMAQ Open. Once the image is imported,
we can adjust its orientation by ‘rotate image’ button, assuming that the dorsal side of the
proboscis is at the top and ventral is at the bottom as in Figure 76 .
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y

Image
rotation

Image input

‘freehand line’

x
Figure 76. Imported cross-section of a single galea to the custom code in LabVIEW. The
buttons ‘image input’, ‘rotate image’ and ‘freehand line’ are labeled.
Step 2a: Draw the external (red line in Figure 77), internal (yellow line in Figure
77) and trachea (blue line in Figure 77) contours manually using freehand line tool as seen
in Figure 76. Contours are drawn and saved one by one. Each contour is the set of (X; Y)
coordinates of points that constitute the contour, Figure 79.
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Figure 77. Cross section of M. sexta proboscis with the drawn external (red), internal are
labeled (yellow), and trachea’s (blue) contours. The original image of the proboscis was
taken from Krenn and Kristensen [48].

The drawn contour
with coordinates

How many
coordinates
in the
contour

Error indicator when you
save the coordinates

Saving
coordinates
as .csv file
Figure 78. The drawn contour in the custom code LabVIEW. The icons to check how many
coordinates in the contour, error indicator when you save the coordinates, and button to save
as .csv file.
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Step 3a. Export data from LabVIEW to MATLAB. The coordinates of each contour
should be added in the final table column by column. LabVIEW program allows saving
only one contour per time. The coordinates of the galea, which is external, internal and
trachea contours all together, are exported as a spreadsheet file type .csv with x and y as
two adjacent columns of the spreadsheet as seen in Figure 79.

External contour
x

y

Internal contour
x

y

Contour of trachea
x

Figure 79. Table of the contours coordinates of a single galea.
Step 4a: Rotate the obtained contour of a single galea using the developed
MATLAB code (see Appendix ‘MATLAB code’). The obtained LabVIEW files as
columns of X and Y coordinates of each contour were read individually by the developed
function to create 2 arrays of X and Y coordinates from three contours. Then, the received
contour was rotated assuming the dorsal side of the proboscis is at the top and ventral is at
the bottom.
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It is important to say that we work with the contour of only one galea. The other
galea in Figure 80 is obtained as a mirror-symmetric image of that drawn galea.
We introduce a system of coordinates with the center O’’ and coordinates (0,Yc)
where Yc is – y coordinate of center of mass of the proboscis similar to Steps 2-4 for the
horseshoe shaped frame as seen in Figure 80.

y

y’’

x’’

O’’

x
Figure 80. Proboscis cross-section with the center of mass (0,Yc).
Tensor of the moments of inertia and other parameters can be calculated using the
developed MATLAB code only for a planar body without self-intersections. An example
of self-intersection can be seen in Figure 81. A special function will delete these
intersections.
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selfintersection

Figure 81. Part of the contour with segment, which we called ‘needle’.
Step 5a: Integration over the given contours. The obstacle is that the cross-section
of the proboscis is a complex structure. We used the same approach as that for the two
horseshoe shaped frames with rectangular hole as described in Step 5.
The output data for each cross-section after using the developed MATLAB and
LabVIEW codes allow one to obtain second moments of inertia of solid cuticle, the area of
solid cuticle, and the area occupied by hemolymph and muscles.

Moments of inertia of different species
Different species have different shapes of cross-sections of the proboscis as seen in
Figure 82. The cross-sections along the proboscises of 8 different species were analyzed
from the images adopted from Dr. Krenn’s group papers [2, 51, 67, 68]. The dimensionless
ratios Ixx/A2solid and Iyy/ A2solid are shown in Figure 83 and Figure 84, respectively, where
Asol is the area of the solid cuticle shown in Figure 85. The area occupied by hemolymph
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Aliq is shown in Figure 86, the ratio Iyy/Ixx is given in Figure 87, and the ratio Aliquid/Asolid
is demonstrated in Figure 88.
Dimensionless ratio Iyy/ A2solid is always larger bigger than Ixx/A2solid as seen in
Figure 87. Only bending around x axis is natural for butterflies. However, the values of the
dimensionless parameters in both cases do not change significantly.
The area of solid cuticle is decreasing along the proboscis, as seen in Figure 85.
The area of solid cuticle of Manduca sexta is ten times bigger than area of solid cuticle of
Vanessa cardui. However, the area occupied by hemolymph and muscles did not change
significantly.
Cross-sections of studied specimens look similar as seen in Figure 82. However,
the ratio Aliquid/Asolid for some butterflies, Damas Clavus and Manduca sexta, showing that
the area occupied by the solid cuticle is bigger than the area occupied by the hemolymph
and muscles; for other butterflies, this ratio flips to the opposite, Figure 88.
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2

1

3

y
x

5

4

6

Figure 82. Series of images of cross-sections of proboscises of different species. Galeae
can have different shapes. 1-Damas clavus, 2 - Pieris brassicae, 3-Manduca sexta, 4Nymphidium spini, 5-Satyrium spini, 6- Vanessa cardui.These images were taken from
Ref. [48].
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Ixx for different specimens

1.2

Ixx/A2solid

1
Damas clavus

0.8

Pieris brassicae
0.6

Manduca sexta
Nymphidium spini

0.4

Satyrium spini
Vanessa cardui

0.2
0

Position along the proboscis
Figure 83. The dimensionless parameter Ixx/area2 for different specimens.

Iyy for different specimens
3.5
3

Iyy/A2solid

2.5

Damas clavus

2

Pieris brassicae
Manuca sexta

1.5

Nymphidium spini

1

Satyrium spini
Vanessa cardui

0.5
0

head

Position along the proboscis

tip

Figure 84. The dimensionless parameter Iyy/area2 for different specimens.
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Area of a solid cuticle for different
specimens
1.00E+05
9.00E+04
8.00E+04
7.00E+04

Asolid, µm2

Damas clavus

6.00E+04

Pieris brassicae

5.00E+04

Manduca sexta

4.00E+04

Nymphidium spini

3.00E+04

Satyrium spini

2.00E+04

Vanessa cardui

1.00E+04
0.00E+00

tip

head

Position along the proboscis

Figure 85. Area of solid proboscis cuticle for different specimens.

Area occupied by hemolymph for different
specimens
8.00E+04
7.00E+04

Aliquid, µm2

6.00E+04

Damas clavus

5.00E+04

Satyrium spini

4.00E+04

Manduca sexta

3.00E+04

Nymphidium spini

2.00E+04

Pieris brassicae
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Vanessa cardui

0.00E+00

head

tip

Position along the proboscis

Figure 86. Area occupied be hemolymph for different specimens.
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Iyy/Ixx for different specimens
5
4.5
4
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Damas clavus
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Nymphidium spini
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Pieris brassicae
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Position along poboscis

tip

Figure 87. Ratio Iyy/Ixx for different specimens.
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Figure 88. Ratio Aliquid/Asolid for different specimens.
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Sensitivity of image processing
We want to investigate how sensitive is the image processing with respect to
different parameters. We observed that for some butterflies the area occupied by the solid
cuticle is bigger than the area occupied by the hemolymph and muscles, Figure 88. We
studied how the ratio Aliquid/Asolid changes with respect to removing dorsal legulae,
reducing trachea, and reducing the thickness of cuticular wall.

A)

B)

Figure 89. A) Original image of Manduca sexta. B) The drawn cross-section obtained
using the developed algorithm.

A)

B)

C)

Figure 90. A) The drawn cross-section with the removed dorsal ligulae. B) The drawn
cross-section with a twofold reduced size of the trachea. C)The drawn cross-section with
a twofold reduced thickness of the cuticular wall.
The ratio Aliquid/Asolid for the drawn Manduca sexta cross-section is 0.98. It was
obtained using the developed algorithm. This value is less than that found on the other
butterflies in Figure 88. Then, we eliminated the dorsal legulae and ratio, Aliquid/Asolid,
became 1.15, Figure 90A. Next, we reduced the size of trachea, and the ratio, Aliquid/Asolid,
in this case is just 1.08, Figure 90B. Then we reduced the thickness of the cuticular wall,
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and the ratio significantly increased and became 2.93. These calculations are the most
sensitive to the identified contours of the cuticular wall.

Figure 91. The overlapped original and drawn images of Manduca
sexta cross-sections.
By overlapping the original and drawn images of Manduca sexta cross-sections, we
demonstrated, that our calculations are made with a high accuracy, Figure 91. We proved
that for some butterflies, the area occupied by the solid cuticle is bigger than the area
occupied by the hemolymph and muscles.
Contribution of pressure in proboscis uncoiling
Dr. Harald Krenn from University of Vienna came up with a simple experiment to
demonstrate the pressure effect of hemolymph. Dr. Krenn’s idea is to cut a piece of galea
at the tip region, with the sealed end, and squeeze the unsealed end by tweezers. It is
surprising that the galea will uncoil after applying such a small load. We developed an
experimental setup (Figure 92) to quantitatively analyze the phenomenon.
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a)

1
2

b)

A

6

B
microscope
objective

3

5
Figure 92. a) Image of experimental setup: 1-linear stage, 2-glass slide fixed on the linear
stage, 3-petri dish with Ringer’s solution, 4-light source, 5-stage of inverted microscope,
6-cut out the piece of the galea b) A schematic drawing of measuring system: a glass
slide pushes galea downward pressing toward the microscope objective. A, B are the
dorsal and ventral ligulae.
A Manduca sexta proboscis attached to the head is submerged in Ringer’s solution
for insects [69], which imitates butterfly blood. Proboscis blood and solution are in
equilibrium, there is no blood flow in or out of the proboscis. Then we cut out a piece of
the single galea at the tip region making it about 1-3 mm long. A glass slide (VWR) was
fixed on the linear stage (Micos). When the manipulator is set to move at the speed 0.01mm
sec-1, the slide presses the galea. The thickness h=150µm of a single glass slide is
comparable with the diameter of the galea. The experiment was recorded from the top side
using High speed motion camera Pro X3 with 20 fps and from the bottom side using
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inverted microscope OLYMPUS CVX 41 with camera Grasshopper 2 (Point Grey) with
7.5 fps.
Pressing the galea with a thin glass slide, one displaces a minute blood volume. It
is enough to cause significant deformations of the cuticular walls leading to galea
uncoiling. C-shaped channel of the galea is face down as seen in Figure 92b. The galea
uncoils when the load is applied and it coils back when the load is removed as seen in
Figure 93. From the bottom side we can observe the change in the width of the galea (Figure
94).

Ro

t=0s

t=7s

t=15s

t=20s

t=27s

Figure 93. Top view of uncoiling of the galea under pressing the glass slide. Ro is the
of curvature of the
galea.
t=0s
t=15s
t=20s
t=27s
t=7s initial radius

Figure 94. The bottom view of uncoiling galea by the glass slide. Do is the initial width of
the galea, h –is the thickness of the glass slide
We tested 4 pieces of galea to get preliminary data as seen in Table 10. The videos
from different cameras were synchronized using a light flash. Then the linear stage with
the attached glass slide was driven manually. When the glass slide touches the galea
immersed in the solution, the galea stops moving, and the image stabilized. From this frame
on, we started tracking the galea deformation. The initial width of the galea, D0, and initial
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radius of coil, R0, Figure 93 and Figure 94, were measured at the moment when the probe
(glass slide) first touched the galea.
The image analysis allowed us to extract the relative change of the galea width

D − Do
R − R0
∆D =
and the relative change of proboscis radius ∆R =
. The width D of the
Do
R0
galea has increased by 27% when a single glass slide was used, and by 35% when there
were two slides placed face to face together. The radius of curvature R has changed
significantly, by 73% and 52 % in the case of 1 and 2 slides, respectively. This proves that
the displacement of a small volume inside the galea is enough for its uncoiling and pressure
plays a significant role in flexibility of a proboscis.
Table 10. Experimental data from pressing the galea by glass slide

g1

D0, initial
width of
galea, µm
143.1

0.38

R0, initial
radius of
coil, mm
1.27

g2

154.4

0.17

0.905

1.61

1.16

24

150

0.97

g3

174.04

0.44

1.45

3.49

0.81

20

300

1.72

g4

141.3

0.27

0.57

1.16

4

17

300

2.12

Sample

ΔD/D0

L0, initial
length, mm

R/R0

1.85

1.07

T, time of
uncoiling,
sec
15

h, thickness of
the probe, µm

h/D0

150

1.04

Summary
The high aspect ratio of the very long and thin proboscis made it difficult to test on
the Instron and observe the deformations. We used a specialized microtensile instrument
with microscope with high speed camera to capture elongation and shrinkage of the
proboscis during the tensile test. The results show that the Manduca sexta galeae are
breaking between the ribs. Fracture propagation appears perpendicular to the axis, which
differs from the failure of a solid fiber.
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We developed an image processing algorithm for LabVIEW to identify and
measure the area of a solid wall in order to convert measuring force into a stress tensile
test. The results of tensile testing demonstrate that the Manduca sexta galeae are made of
a brittle and compressible material with Young’s modulus E= 500±115 MPa for specimens
older than 1 week and E= 267±52 MPa for specimens less than 1 week old. And Poisson
ratio is ν=0.46±0.04 for specimens older than 1 week while ν=0.44±0.05 for specimens
less than 1 week old. Moths were kept in the containers with the holes for air ventilation in
the laboratory refrigerator at 5°C. Probably, some of the proboscises became drier after a
week there, which affected their elastic properties.
We applied Euler - Bernoulli beam theory in order to separate structural properties
from materials properties of the proboscis. We developed the custom MATLAB code to
calculate structural properties expressed by tensor of inertia and centroid of proboscis
cross-section. This code can help to analyze cross-sections of different specimens.
The developed experimental setup, inspired by the idea of Dr. Harald Krenn,
demonstrated the pressure effect of hemolymph. Pressing the galea with a thin glass slide,
one displaces a minute blood volume. It is enough to cause significant deformations of the
cuticular walls leading to galea uncoiling.
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CONCLUSIONS
The butterfly proboscis is a fascinating fiber equipped with sensors and actuators.
Butterflies use it to transport liquids. When the butterfly is not hungry, the proboscis is
tightly coiled. The proboscis gets uncoiled when the butterfly is about to drink. The
proboscis is a highly flexible natural fiber. The proboscis consists of 2 hollow C-shaped
tubes – galeae with a wide range of sizes. A single galea consists of solid cuticular wall,
muscles, nerves and trachea. The cuticular wall is made up of a system of rings with the
thickness varying between tens to hundreds of micrometers. Thin cuticle connects the rings
together. Rings are made of lamellae, aligned in different directions, from a few to tens of
microns in thickness.
The basic components of cuticle are chitin, proteins, water, minerals and lipids. The
proboscis is mainly composed of C, H, O and small amount of metals and other inorganics.
We hypothesize that proboscis cuticle can be described in general as a fiber reinforced
composite with helicoidally placed chitin-based fibrils. The proboscis is porous with the
pores seen from SEM micrographs varying in diameter from tens to hundred nanometers.
The water content in the fresh proboscis, measured by the TGA instrument, is
higher than in the untreated lobster’s cuticle. However, chitin and protein degradation
occur in the same range of temperatures for both the proboscis and the crustacean shell.
Chitin and protein decomposition occur in a single step in the nitrogen atmosphere and in
two steps in the air atmosphere for “fresh” and “dried” proboscises. The estimated chitin
fraction is 33.6%.
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Also, the “fresh” and “dried” proboscises have been tested with the DSC instrument
(Table 3). The thermal event registered in all samples is an endothermic peak associated
with water evaporation. The “fresh” proboscises possess 50% water, where 33% of water
is interpreted as free water sitting in the proboscis pores and behaving as chemically
unbound water. Another 17% of water is probably chemically bound to polymer and gets
released only upon evaporation. The freeze-dried proboscises contained only 7% water.
The DSC estimated volume of evaporated water is in good agreement with the TGA data.
Another phase transition was observed for the freeze dried and ground proboscises
during multiply heating and cooling them. We assume this may be due to phase transitions
of lipids. Differential scanning calorimetry did not provide any information about structural
properties of the polymers in the cuticle. The reason is that chitin and other chemical
components are stable in the range 25-250°C and the instrument does not allow us to heat
the samples beyond the 200°C limit.
Specific heat capacity of untreated and chloroform-methanol treated proboscises
have been estimated through the TA instrument software. Based on the measured specific
heat capacity of the proboscis, C p prob =1.26±0.2 Jg −1 K −1 , the estimated mass fraction of
chitin is 30%. It is in good agreement with the TGA data.
The proboscis is a natural nanoporous material. For Manduca sexta proboscises,
the estimated porosity is 𝜀𝜀 =13%. Manduca sexta galeae easily absorb n-hexane after
submersing them to the length of ~ 6.2±3.7 mm in n-hexane. Modeling the pores by circular

cylinders, the estimated average pore radius is r = 34.9±22.5 nm, whereas assuming pores
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to be slit-like, the average slit opening was estimated as 46.6±30.1 nm. Probably, the pores
at the tip region are smaller than 1 nm or the tip does not have any pores at all.
The high aspect ratio of the very long and thin proboscis made it difficult to test on
the Instron and observe the deformations. We used a specialized microtensile instrument
with a microscope and high-speed camera to capture elongation and shrinkage of the
proboscis during tensile test. The results show that the Manduca sexta galeae are breaking
between the ribs. Fracture propagation appears perpendicular to the axis, which differs
from the failure of a solid.
We developed an image processing algorithm for LabVIEW to identify and
measure the area of a solid wall in order to convert measuring force into stress tensile test.
The results of tensile testing demonstrate that the Manduca sexta galeae are made of a
brittle and compressible material with Young’s modulus E= 500±115 MPa for specimens
older than 1 week and E= 267±52 MPa for specimens less than 1 week old. And Poisson
ratio is ν=0.46±0.04 for specimens older than 1 week while ν=0.44±0.05 for specimens
less than 1 week old.
We applied Euler - Bernoulli beam theory in order to separate structural properties
from materials properties of the proboscis. We developed the custom MATLAB code to
calculate structural properties expressed by tensor of inertia and centroid of proboscis
cross-section. This code can help to analyze cross-sections of different specimens.
The developed experimental setup, inspired by the idea of Dr. Harald Krenn,
demonstrated the pressure effect of hemolymph. Pressing the galea with a thin glass slide,
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one displaces a minute blood volume. It is enough to cause significant deformations of the
cuticular walls leading to galea uncoiling.
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Appendix A
LabVIEW code
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Appendix B
MATLAB code
clcclose all
clear all
dbstop error
set(0,'DefaultAxesFontSize',14,...
'DefaultAxesFontName','Times New Roman');
set(0,'DefaultTextFontSize',14,...
'DefaultTextFontName','Times New Roman');
NumbP=[];
ContP=[];
% internal contour
fname = 'vc3'; % file with contours
%if located somewhere, add location
loc = '';
num = xlsread([loc, fname, '.csv'],'A:B');
num = cleanContour(num);
ContP=[ContP;num];
NumbP=[NumbP;size(num,1)];
Xext=[num(:,1);num(1,1)];
Yext=[num(:,2);num(1,2)];
%external contour
%if located somewhere, add location
loc = '';%'Data\PublicationAlphaGravity\';
num = xlsread([loc, fname, '.csv'],'C:D');
num = cleanContour(num);
ContP=[ContP;num];
NumbP=[NumbP;size(num,1)];
Xint=[num(:,1);num(1,1)];
Yint=[num(:,2);num(1,2)];
%contour of trachea
%if located somewhere, add location
loc = '';%'Data\PublicationAlphaGravity\';
num = xlsread([loc, fname, '.csv'],'E:F');
Xcir=[num(:,1);num(1,1)];
Ycir=[num(:,2);num(1,2)];

128

plot(Xext,Yext,'m', Xint,Yint,'b',Xcir,Ycir,'b')
num = cleanContour(num);
ContP=[ContP;num];
NumbP=[NumbP;size(num,1)];
Xcir=[num(:,1);num(1,1)];
Ycir=[num(:,2);num(1,2)];
%plotting whole galea
figh = figure(1);
title('Preliminary view')
hold on
axis equal
plot(Xext,Yext,'m', Xint,Yint,'b',Xcir,Ycir,'b')
%% plotting galea after rotation
[ContP, k1, k2, S] = rotationOfContours(ContP, NumbP);
Xext=[ContP(1:NumbP(1),1); ContP(1,1)];
Yext=[ContP(1:NumbP(1),2); ContP(1,2)];
Xint=[ContP((NumbP(1)+1):NumbP(2)+NumbP(1),1);
ContP(NumbP(1)+1,1) ];
Yint=[ContP((NumbP(1)+1):NumbP(2)+NumbP(1),2);
ContP(NumbP(1)+1,2) ];
Xcir=[ContP((NumbP(2)+1+NumbP(1)):NumbP(3)+NumbP(2)+NumbP(1
),1); ContP((NumbP(2)+1+NumbP(1)),1) ];
Ycir=[ContP((NumbP(2)+1+NumbP(1)):NumbP(3)+NumbP(2)+NumbP(1
),2); ContP((NumbP(2)+1+NumbP(1)),2) ];
figure(2)
hold on
axis equal
plot(Xext,Yext,'m', Xint,Yint,'b',Xcir,Ycir,'b')
plot(-Xext,Yext,'m', -Xint,Yint,'b',-Xcir,Ycir,'b')
%% deal with the external culicle
% triangulation
[ p, ~, t] = trianglemesh(Xint(1:end-1)',Yint(1:end-1)',...
Xext(1:end-1)',Yext(1:end-1)');
% center of mass
[xCshell, yCshell, Ssol] = centerofmass(p,t);
plot(0, yCshell, 'o', 'MarkerFaceColor', 'black')
plot(xCshell*[1,-1], yCshell*[1,1], 's', 'MarkerFaceColor',
'black')
% second moment of inertia
% with respect to center of mass of proboscis
[Ixx,Iyy,Ixy] = tensorofInertia(p, t, 0, yCshell);
%% deal with internal muscles
% consider mirror galea
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[p, ~, t] = trianglemesh(-Xcir(1:end-1)',Ycir(1:end-1)',...
-Xint(1:end-1)',Yint(1:end-1)');
% center of mass
[xCliq, yCliq, Sliq] = centerofmass(p,t);
% plotting final result
plot(Xext,Yext,'m', Xint,Yint,'b',Xcir,Ycir,'b', xCshell,
yCshell, '*r')
%% export excel file
filename = fname;
A = {'Ixx' 'Iyy' 'Ssol' 'xCliq' 'yCliq' 'Sliq'; Ixx Iyy
Ssol yCliq xCliq Sliq};%because we change axis
sheet = 3;
xlRange = 'A1';
Developed functions:
1. function [ContP, k1, k2, S] = rotationOfContours(ContP,
NumbP)
%% take a convex hull of the external contour
Xext = ContP(1:NumbP(1),1);
Yext = ContP(1:NumbP(1),2);
k = convhull(Xext, Yext);
%% find two largest segments of the convex hull
% one of them is chosen later as a chord of the food canal
smax = [0, 0];% length
imax = [0, 0];% position of the starting point of the chord
for i = 1:length(k)-1 %maximum segment of convhull
S = (Xext(k(i+1)) - Xext(k(i)))^2 + ...
(Yext(k(i+1)) - Yext(k(i)))^2;% calculate length
if S > smax(1)% smax(1) --- largest current length
(square)
smax(2) = smax(1);
smax(1) = S;
imax(2) = imax(1);
imax(1) = i;
elseif S > smax(2)% second largest length (square)
smax(2) = S;
imax(2) = i;
end
end
k1 = k(imax);
% start index of two largest segments of
conv hull
k2 = k(imax+1); % end index of two largest segments of conv
hull
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S = sqrt(smax); % lengths of these two segments
%% create new (possible) orientations
ContP1 = newOrientation(Xext, Yext, ContP, k1(1), k2(1),
S(1));
ContP2 = newOrientation(Xext, Yext, ContP, k1(2), k2(2),
S(2));
%% plot two possible orientations
figure(4920)
% first contour
subplot(1,2,1)
hold on
axis equal
title('Action required!')
% first contour
Xext=[ContP1(1:NumbP(1),1); ContP1(1,1)];
Yext=[ContP1(1:NumbP(1),2); ContP1(1,2)];
Xint=[ContP1((NumbP(1)+1):NumbP(2)+NumbP(1),1);
ContP1(NumbP(1)+1,1) ];
Yint=[ContP1((NumbP(1)+1):NumbP(2)+NumbP(1),2);
ContP1(NumbP(1)+1,2) ];
Xcir=[ContP1((NumbP(2)+1+NumbP(1)):NumbP(3)+NumbP(2)+NumbP(
1),1); ContP1((NumbP(2)+1+NumbP(1)),1) ];
Ycir=[ContP1((NumbP(2)+1+NumbP(1)):NumbP(3)+NumbP(2)+NumbP(
1),2); ContP1((NumbP(2)+1+NumbP(1)),2) ];
plot(Xext,Yext,'m', Xint,Yint,'b',Xcir,Ycir,'b')
% second contour
subplot(1,2,2)
hold on
axis equal
title('Check command window!')
Xext=[ContP2(1:NumbP(1),1); ContP2(1,1)];
Yext=[ContP2(1:NumbP(1),2); ContP2(1,2)];
Xint=[ContP2((NumbP(1)+1):NumbP(2)+NumbP(1),1);
ContP2(NumbP(1)+1,1) ];
Yint=[ContP2((NumbP(1)+1):NumbP(2)+NumbP(1),2);
ContP2(NumbP(1)+1,2) ];
Xcir=[ContP2((NumbP(2)+1+NumbP(1)):NumbP(3)+NumbP(2)+NumbP(
1),1); ContP2((NumbP(2)+1+NumbP(1)),1) ];
Ycir=[ContP2((NumbP(2)+1+NumbP(1)):NumbP(3)+NumbP(2)+NumbP(
1),2); ContP2((NumbP(2)+1+NumbP(1)),2) ];
plot(Xext,Yext,'m', Xint,Yint,'b',Xcir,Ycir,'b')
%% now you should choose one of the options
% and report back to the program
prompt = 'What is the correct orientation? \nPress 1 for
left and 2 for right. \nThen press "Enter" key.';
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x = input(prompt);
clc
if(x == 1)
ContP = ContP1;
else
ContP = ContP2;
end
k1 = k1(x);
k2 = k2(x);
S = S(x);
close 4920
figure(4920)
hold on
title('Check command window!')
plot(ContP(:,1), ContP(:,2))
axis equal
prompt = 'Is this correct orientation? \nPress 1 for "Yes"
and 2 for "NO". \nThen press "Enter" key.';
x = input(prompt);
clc
%% if additional vertical/horizontal reflection required
if(x == 2)
% reflect in horizontal direction
prompt = 'Should reflect horizontally? \nPress 1 for
"Yes" and 2 for "NO". \nThen press "Enter" key.';
x = input(prompt);
clc
if(x==1)
ContP(:, 1) = - ContP(:, 1);
close 4920
figure(4920)
hold on
title('Check command window!')
plot(ContP(:,1), ContP(:,2))
axis equal
end
% reflect in vertical direction
prompt = 'Should reflect vertically? \nPress 1 for
"Yes" and 2 for "NO". \nThen press "Enter" key.';
x = input(prompt);
clc
if(x==1)
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%
%
%
%
end
end

end

ContP(:, 2) = - ContP(:, 2);
close 4920
figure(4920)
plot(ContP(:,1), ContP(:,2))
axis equal

function ContP = newOrientation(Xext, Yext, ContP, k1, k2,
S)
%% make center of chord of the food canal the origin for
the moment of inertia
X0 = sum(Xext([k1,k2]))/2; % move segment center to the
origin of coordinates system
Y0 = sum(Yext([k1,k2]))/2;
n = size(ContP,1);
ContP = ContP - repmat([X0,Y0], [n,1]);
% S = sqrt((Xext(k2) - Xext(k1))^2 + (Yext(k2) Yext(k1))^2);
cosU=(Xext(k2) - Xext(k1) )/S;
sinU=(Yext(k2) - Yext(k1) )/S;
% Q=[cosU -sinU; sinU cosU];
Q = [cosU -sinU; sinU cosU]*[0 1; -1 0]*[-1 0; 0 -1];
ContP = ContP * Q;
end
2. function [ p,e,t]=trianglemesh(intPoly_x, intPoly_y ,
outPoly_x, outPoly_y)
intPoly = [2, numel(intPoly_x), intPoly_x, intPoly_y]';
outPoly = [2, numel(outPoly_x), outPoly_x, outPoly_y]';
mInt = length(intPoly);
mOut = length(outPoly);
if(mInt>mOut)
outPoly = [outPoly; zeros(mInt - mOut,1)];
elseif(mInt<mOut)
intPoly = [intPoly; zeros(mOut - mInt,1)];
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end
gm = [outPoly,intPoly];
sf = 'R1-C1';
ns = char('R1','C1');
ns = ns';
g = decsg(gm,sf,ns);
model = createpde;
geometryFromEdges(model,g);
pdegplot(model,'EdgeLabels','off')
axis equal
% xlim([-1.1,1.1])
%mesh = generateMesh(model);
mesh=generateMesh(model,'Hmax',5);
% p --- Mesh points, (x,y)-coordinates
% e --- Mesh edges
% t --- Mesh elements
% for more info refer to
%
https://www.mathworks.com/help/pde/ug/pde.femesh.meshtopet.
html
[p,e,t] = meshToPet(mesh);

pdeplot(model,'ElementLabels','off')
% hold on
% plot(xC, yC, 'o')
end
3. function [xC, yC, S] = centerofmass(p,t)
%
%
%
%
%
%

%indexes of every first vertice of triangle
v1n=t(1,:);
%indexes of every second vertice of triangle
v2n=t(2,:);
%indexes of every third vertice of triangle
v3n=t(3,:);

% (x,y)-coordinates of first, second, third vertecies:
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v1=p(:,t(1,:));
v2=p(:,t(2,:));
v3=p(:,t(3,:));
A=abs((v1(1,:)-v3(1,:)).*(v2(2,:)-v3(2,:))...
-(v2(1,:)-v3(1,:)).*(v1(2,:)-v3(2,:)));
xC = (v1(1,:)+v2(1,:)+v3(1,:))/3;
yC = (v1(2,:)+v2(2,:)+v3(2,:))/3;
xC = sum(xC.*A)/sum(A);
yC = sum(yC.*A)/sum(A);
S=sum(A)/2;
end
4. function [Ixx,Iyy,Ixy] = tensorofInertia(p,t,xC,yC)
% %indexes of every first vertice of triangle
% v1n=t(1,:);
% %indexes of every second vertice of triangle
% v2n=t(2,:);
% %indexes of every third vertice of triangle
% v3n=t(3,:);
%% get (x,y)-coordinates of first, second, third vertecies
of each triangle
v1 = p(:,t(1,:));
v2 = p(:,t(2,:));
v3 = p(:,t(3,:));
%% area (as a vector product, [a1-a3 x a2-a3])
A = abs((v1(1,:)-v3(1,:)).*(v2(2,:)-v3(2,:))...
-(v2(1,:)-v3(1,:)).*(v1(2,:)-v3(2,:)))/2;
S = sum(A); % total area
%% tensor of inertia
Iyy = ((v1(1,:)-xC).^2+(v2(1,:)-xC).^2+(v3(1,:)-xC).^2)/3;
Ixx = ((v1(2,:)-yC).^2+(v2(2,:)-yC).^2+(v3(2,:)-yC).^2)/3;
Ixy = ((v1(1,:)-xC).*(v1(2,:)-yC)+...
(v2(1,:)-xC).*(v2(2,:)-yC)+...
(v3(1,:)-xC).*(v3(2,:)-yC))/3;
Ixx = sum(Ixx.*A);
Iyy = sum(Iyy.*A);
Ixy = sum(Ixy.*A);
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I = [Ixx, Ixy, 0; Ixy, Iyy, 0; 0, 0, Ixx+Iyy]
S
end
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